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Abstract 

 

PREDICTION OF SHALLOW FOOTING  

SETTLEMENTS ON COHESIONLESS MATERIALS  

FROM SEISMIC TESTING 

 

 

Andrew Jonathan Sheehan, MSE. 

The University of Texas at Austin, 2005 

 

Supervisor: Kenneth H. Stokoe, II 

 

The practice of predicting settlements of shallow foundations has evolved 

in the past 50 years, but the basic principles and obstacles in making such 

predictions remain the same.  First, the engineer must accurately characterize the 

soil beneath the proposed foundation.  Second, the engineer must choose an 

analytical technique to model the behavior of that soil under the load.  Since 

settlement, rather than bearing capacity, is most often the controlling design factor 

(Schmertmann, 1970), the accuracy with which an engineer estimates the 

settlement directly bear on the design and cost of the foundation. The practice of 

 v



estimating settlements of shallow footings on cohesionless soils has historically 

been over-conservative. 

The goal of this study is to investigate how well measured soil stiffnesses 

determined by field and laboratory dynamic tests predict the settlement of a 

shallow footing on a granular soil.  The stiffness, or modulus, of the soil was 

estimated based on SPT tests, field seismic tests (SASW and crosshole tests), and 

dynamic laboratory tests (torsional resonant column tests).  The moduli from 

these tests were then used in two different settlement analysis techniques, 

Schmertmann’s method and a finite element analysis, to predict the settlement of 

the footing and the soil mass beneath it.  A series of field load tests were 

performed and settlements were measured at the top of the footing and at several 

depths beneath it.  These field measurements are compared to the predicted 

values. 

The results indicate that seismic field and dynamic laboratory tests can be 

effectively used to conduct a site investigation for the purposes of predicting the 

settlement potential of this shallow footing on the nonplastic sandy silt.  Very 

importantly for working load levels, the seismic-based settlement predictions 

were more accurate than the SPT-based predictions. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 PROBLEM SIGNIFICANCE 

In the design of shallow foundations, permissible settlement is often the 

controlling design criterion.  Numerous methods have been developed over the years 

to estimate the settlement of shallow foundations (Peck et al., 1974, Schmertmann, 

1970 and Burland and Burbidge, 1985).  These methods all require a certain amount 

of field and/or laboratory testing to determine the soil parameters required for use in 

each method.  In granular soils (sands, silty sands, silty sands, and gravelly sands), 

problems associated with sample disturbance have generally caused engineers to use 

in-situ tests such as the Standard Penetration Test (SPT) or Cone Penetrometer Test 

(CPT) to estimate the strength parameters of the soil.  These strength parameters are 

then empirically correlated to stiffness parameters based on a history of 

experimentation, case studies, and laboratory tests.   

It should be noted that the stiffness of the soil is strongly influenced by the 

strain level beneath the foundation, which is not directly considered when implicit or 

explicit correlations between the strength and stiffness of the material are used. 

Additionally, parameters such as stress history, degree of saturation, relative density, 

cementation, etc. can affect the stiffness to different levels than strength.  Given the 

difficulty and cost of obtaining the effects of these parameters on strength-stiffness 

correlations and the general non-sue by the profession of methods to measure directly 

the soil stiffness in situ, settlement prediction models for shallow foundations have 
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continued to be based on information commonly measured in the field by large strain 

penetration tests.  The engineer using these models must understand the limitations of 

the methods and the general tendency to overestimate shallow foundation movement.   

In the past few decades, seismic wave velocity measurements have been used 

to characterize in-situ soil and rock stiffnesses for use in the evaluation of the 

response of geotechnical sites to earthquake loading and machine vibrations.    Some 

examples of this type of field seismic testing include crosshole, downhole, suspension 

logging, and spectral analysis of surface waves (SASW) testing methods (Stokoe and 

Santamarina, 2000).  These in situ seismic tests are used to measure the shear wave 

velocity (Vs) of the soil from which one can directly calculate the shear modulus 

(Gmax) in the small-strain (linear) range by : 

 
Gmax = ρ*Vs

2          (1.1) 

where:  ρ = mass density of the soil.   

With a known shear modulus, the value of Young’s modulus at small strains (Emax) of 

the soil is obtained from: 

 
Emax =2*(1+ν)*Gmax       (1.2) 

where: ν = Poisson’s ratio (0.15-0.35 for unsaturated cohesionless soils). 

As outlined above, soil stiffness can be directly evaluated in situ.  These 

moduli (Gmax and Emax) are the stiffnesses at strains < 10-3% where the values are 

independent of strain amplitude. By contrast, traditional triaxial testing generally 

results in measurement of the modulus of the soil in the strain range of 0.1% and 
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greater.  It has been shown that the working strain range for many shallow 

foundations on cohesionless soils is in the strain range of 0.01 to 0.1% (Menzies et 

al., 2001). 

1.2. RESEARCH STATEMENT 

The goal of this study is to demonstrate that measured in-situ soil stiffnesses 

gathered from field and laboratory dynamic testing methods can be used in static 

applications to predict the settlement of shallow foundations on granular soils.  In this 

study, the granular soil is a predominantly nonplastic sandy silt.  Field seismic testing 

involved the crosshole and SASW testing methods to characterize the stiffness of the 

sandy silt.  Laboratory testing involved the torsional resonant column test.  For the 

purposes of comparison to traditional methods, a site investigation using SPT testing 

was also conducted.  Based on these field and laboratory methods of characterizing 

the soil, the settlement of a 3-ft diameter concrete footing constructed at the site was 

predicted.  The footing was loaded and unloaded statically over short periods of time 

(3 to 4 minutes), and settlements of the surface of the footing and at various depths 

beneath the footing were measured.  The measured settlements are then compared to 

predicted settlements derived from the SPT, seismic field, and dynamic laboratory 

tests.   

1.3 THESIS ORGANIZATION 

In Chapter 2, a few case studies are discussed where soil moduli determined 

by seismic measurements were used to predict the settlement of foundations on 

granular soils.  In some studies, the dynamic moduli were determined with laboratory 

testing of samples taken from the field.  Other studies used dynamic moduli derived 

from empirical correlations to non-seismic field tests such as SPT or CPT tests.  Very 
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few of these studies were conducted in sands. A more extensive review of similar 

case histories can be found in Smith, 2004. 

In Chapter 3, the material properties of the Capitol Aggregates field site are 

described.  The location of the footing is presented with maps and photos.  A 

summary of the initial site investigation is discussed. 

In Chapter 4, the test layout at the Capitol Aggregates field site is described. 

This description includes the design and installation of the circular footing and the 

locations and depths of the subsurface instrumentation.  Two different loading 

systems were used to statically load the footing.  These loading systems are described 

and illustrated.  Finally, a brief description of the data acquisition hardware and test 

instrumentation is presented. 

In Chapter 5, the field load tests are described.  The procedures and loading 

sequence are described in detail.  Settlements measured at the top of the footing and 

within the soil mass at various depths beneath the footing are presented.   

In Chapter 6, the analytical and numerical models used to calculate 

settlements are presented.  Settlements were predicted using two different analytical 

models and one finite element model.  The analytical models used were 

Schmertmann’s method (1970) and the Burland and Burbidge method (1985).  The 

input parameters for the analytical models were derived from traditional SPT testing.  

The numerical model used was a finite element software package (PLAXIS) in which 

the soil was modeled with linear soil moduli and the Mohr-Coulomb failure criterion.  

The input parameters for the numerical analysis were obtained from field seismic 

testing and dynamic laboratory testing. 
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In Chapter 7, the predicted settlements are compared to the field 

measurements.  The differences between the models are discussed and the likely 

sources of error are suggested.   

In Chapter 8, the conclusions of this study are presented.  Recommendations 

for further studies are also made. 

Appendix A contains a complete set of data gathered in the field during 

testing on 11 Nov 2005. Three series of five tests were conducted on that day.  The 

data is presented in tabular form for use or evaluation in further studies.  Load-

settlement curves for each series of tests are presented.  

Appendix B contains the calibratrion curves of the instruments used in the 

field. 

Appendix C contains a copy of the Site Characterization study conducted by 

Asli Kurtulus which will be published as part of her Ph.D. dissertation in 2006. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 INTRODUCTION 

In this chapter, a brief review of the historical and current practices of 

predicting settlement is given, followed by a few case studies dealing with granular 

soils in which “dynamic” moduli were used to predict settlement. A more 

comprehensive review of similar case studies can be found in Smith, 2004.  It is 

shown that dynamic moduli determined by field seismic testing are more accurate in 

settlement predictions than stiffness (moduli) estimates based on conventional 

laboratory test methods such as oedometer or triaxial tests.  A case study is presented 

in which computed stiffnesses from back analyses of ground deformations measured 

in the field are compared to stiffnesses predicted by in-situ seismic tests and 

stiffnesses predicted by oedometer tests. 

2.2 HISTORICAL AND CURRENT SETTLEMENT PREDICTION METHODS 

The practice of predicting settlements of shallow foundations has evolved in 

the past 50 years, but the basic principles and obstacles in making such predictions 

remain the same.  First, the engineer must accurately characterize the soil beneath the 

proposed foundation.  Second, the engineer must choose an analytical technique to 

model the behavior of that soil under the load.  Since settlement, rather than bearing 

capacity, is most often the controlling design factor (Schmertmann, 1970), the 

accuracy with which an engineer estimates the settlement will bear directly on the 

design and cost of the foundation.   
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Characterizing the soil properties is the difficult element in this process and 

the source of greatest error.  In sands, it is extremely difficult and generally very 

costly to obtain undisturbed samples.  Hence, the use of in-situ tests is preferred by 

most engineers.  Many field tests, however, only measure strength or are correlated 

with strength parameters of the soil rather than the stiffness (modulus), of the soil, 

even thought the material property of interest is stiffness(Menzies, 2001).  To obtain 

the stiffness of the soil, the strength parameters measured by field tests, such as the 

SPT, CPT or plate load tests, are empirically correlated to the stiffness of the soil.  

This empirical correlation between the strength and stiffness is the source of the 

significant error in accurately estimating the settlement of footings on sand.   

Several settlement analytical techniques are available, depending on the soil 

type and the method of characterizing the soil.  For sands and other cohesionless 

materials, the settlement analysis technique proposed by Schmertmann (1970) is 

among the most commonly used techniques (Briaud and Gibbens, 1994).  A 

numerical model such as a finite element code is another emerging analytical 

technique.  Both of these techniques are discussed further in Chapter 6.   

2.3 CASE HISTORIES OF SETTLEMENT PREDICTIONS BASED ON DYNAMIC MODULI 

In May 2005, Ryan Smith compiled a review of 41 case histories in which 

dynamic moduli were used to predict static ground deformations (Smith, 2005).  

These case histories involved many different types of foundations and soil types.  The 

dynamic moduli were determined by laboratory resonant column tests, in-situ 

crosshole or downhole tests, or by empirical correlations with penetration tests such 

as the SPT or CPT.  Of these cases, the projects which used field seismic testing to 

predict foundation and ground movements showed the greatest accuracy when 
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compared to actual movements in the field.  No instances of using spectral-analysis-

of-surface-waves (SASW) testing to measure the stiffness used to predict settlement 

was noted in his review. 

2.4 CASE STUDY: TEXAS A&M PREDICTION SYMPOSIUM 

In 1994, ASCE hosted a specialty conference at Texas A&M University 

(Briaud and Gibbens, 1994).  Five, full-scale, reinforced concrete footings of different 

sizes were constructed on a site composed of medium dense silty sand 11 ft deep.  

Each footing was loaded to failure and detailed load-settlement measurements were 

recorded. Thirty-one participants submitted settlement predictions.  Three of the 31 

participants used dynamic moduli to estimate the settlement of each footing.  Table 1 

below illustrates the results of the symposium.  One participant (#23) used dynamic 

moduli determined from an empirical correlation to CPT data.  The other two (#22 & 

#28) used dynamic moduli determined from crosshole testing.  Both predictors using 

in situ seismic the crosshole data performed better than the mean of their peers for 

every footing.  Participant #23 outperformed his peers on 3 of the 5 footings.  It 

should also be noted that the mean prediction for each footing ranged from 160-220% 

of the measured value.  This illustrates the over-conservative state of the practice. 

2.5 BACK-ANALYSIS EVALUATION OF IN-SITU DYNAMIC MODULI  

As one would expect, the values of stiffness measured by in-situ dynamic tests 

have been shown to represent the soil conditions much more correctly than stiffnesses 

estimated from correlations with traditional laboratory and in-situ techniques used 

today.  Laboratory methods such as oedometer and triaxial tests, as well as 

penetration testing, have been shown to often give poor estimates of stiffness 

(Burland and Hancock, 1977; Izumi et al., 1997).  This concept was illustrated by a 
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back-analysis study completed in London (Menzies et al., 2001).  The ground 

movements 

Table 2.1: Factors of Safety F = Qf/Qd (measured design load*/predicted design load)  
[*ultimate with FS = 3] (from Briaud and Gibbens, 1994) 

 

of several major structures in the London area were used to back-calculate the stiffness 

of the soil below.  This back-calculated stiffness was then compared to stiffnesses 

determined from crosshole field tests and laboratory triaxial and oedometer tests of the 

same soil.  Figure 2.1 illustrates the results.  It can be seen that the back-calculated 

stiffness is approximately an order of magnitude higher than the stiffness measured in 
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the laboratory.  By contrast, stiffness from the crosshole tests are generally above, but 

much closer to, those values derived through back analysis. 

  

Figure 2.1: Comparison of Stiffness Profiles from Laboratory Tests, Back-Analysis 
and Seismic Crosshole Surveys at Various Sites on London Clay 
(Menzies, 2001) 
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2.6 SUMMARY 

Case histories suggest that conventional approaches to settlement prediction 

over-estimate the ground movement.  One significant source of error in this procedure 

is the mischaracterization of the soil stiffness in situ by traditional field tests such as 

the SPT and CPT which involve empirical correlations.  

Dynamic moduli offer an alternative method to estimating the in-situ stiffness 

of soil.  The use of these moduli obtained from in-situ tests have been shown to 

reasonably predict the settlement of foundations on sand.  It is expected that SASW 

testing will also yield accurate estimates of the soil stiffness for predicting foundation 

settlements under working loads. 
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CHAPTER 3 

FIELD SITE CONDITIONS 

 

3.1 INTRODUCTION 

In December 2004 thru February 2005, a detailed site characterization study 

was performed at the Capital Aggregates field site by Kurtulus, 2006.  As part of the 

study, disturbed and undisturbed samples were collected, two borings with Standard 

Penetration Tests (SPT) were conducted, and Spectral Analysis of Surface Waves 

(SASW) seismic tests were performed.  In August, 2005, crosshole and downhole 

seismic tests were conducted by Mr. Kwangsoo Park as part of his Ph.D. dissertation 

research (Park, 2007). In this chapter, a summary of the results from these studies are 

presented.  The detailed site report can be found in Ms. Asli Kurtulus’s Ph.D. 

dissertation (Kurtulus, 2006).  

3.2 SITE LOCATION 

The location of the field site relative to the location of the University of Texas 

is shown in Figure 3.1.  A plan view of the Capitol Aggregates field site is shown in 

Figure 3.2.  In this figure, the location of the footing is shown.  In addition, the 

locations of other small-scale foundations that are being tested on another project are 

shown.  The foundations are four drilled shafts and two bridge bents which are being 

tested on a project sponsored by the National Science Foundation (Wood et al, 2006).  

A picture of the test site before the footing was constructed is shown in Figure 3.3. 
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Figure 3.1:  Location of Capitol Aggregates Field Site in Austin, Texas (from 
Kurtulus, 2006) 

Bent  1

Bent  2

Shaft  A Shaft  B

Shaft  DShaft  C

All dimensions in feet .Drawn to scale.

Shaft  A: 6  ft  long
Shafts B,C and D: 12 ft  long
Bent  1  : 6 ft  clear height  above ground,
           12 ft  long below ground
Bent  2  : 3 ft  clear height  above ground,
           12 ft  long below ground
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Figure 3.2:  Plan View of Capitol Aggregates Field Site (after Kurtulus, 2006) 
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Site Perimeter 
Fence 

3 ft Diam. 
Footing 
Location 

Model Bridge Bents and Drilled Shafts 
not associated with this study 

Figure 3.3:  Picture of Field Site Prior to Construction of the 3-ft Diameter 
Footing. 

3.3 DISTURBED AND UNDISTURBED SAMPLES  

Disturbed and undisturbed samples were obtained at the site (Kurtulus, 2006). 

From the disturbed samples taken during the SPT tests, grain size analyses and 

Atterberg limit tests were conducted in accordance with ASTM D 2217 and ASTM D 

4318, respectively.  The top 14 ft of soil was classified per ASTM D 2487. The 

results are presented in Table 3.1.  In terms of this study, the site is composed of 1.5 ft 

of silty sand (SM) underlain by 10 ft of nonplastic silt (ML). 
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The undisturbed samples were obtained from two sampling boreholes using 3-

in. O.D. ASTM thin-walled Shelby tubes (Kurtulus, 2006).  The undisturbed samples 

were used to determine soil index properties for the top 12 ft of soil.  These properties 

are presented in Table 3.2.  The undisturbed samples were used to carve intact 

specimens that were tested in the torsional resonant column test to evaluate 

dynamically the variation in shear modulus with shear strain.  These results are 

discussed in Section 3.7. 

Table 3.1:  USCS Soil Classification of Top 14 ft of Soil Material at Capitol 
Aggregates Field Site (from Kurtulus, 2006) 

 

Table 3.2:  Summary of Soil Index Properties Determined from Undisturbed 
Samples (from Kurtulus, 2006) 
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3.4 STANDARD PENETRATION TESTS 

Two boreholes with SPT tests were conducted on the test site at the locations 

indicated in Figure 3.2.  The SPT blow counts were obtained at 2.5-ft intervals.  The 

results of the tests are presented in Table 3.3 and Figure 3.4. In terms of the 3-ft 

diameter footing in this study, the depth-corrected blow counts between depths of 1 to 

7 ft (within 2B of the base of the footing) range from 13 to 29 and average 17. 

Table 3.3:  SPT Test Results from Capitol Aggregate Field Site, Dec, 2004 (from 
Kurtulus, 2006) 
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Figure 3.4:  Variation of Corrected SPT Blow Count with Depth at Capitol 
Aggregates Field Site (from Kurtulus, 2006) 

 17



3.5 SPECTRAL ANALYSIS OF SURFACE WAVES (SASW) TESTS 

Shear wave velocity profiles of the Capitol Aggregates field site were 

evaluated using the SASW seismic method in February of 2005.  Two perpendicular 

arrays were measured.  The locations of the arrays are shown in Figure 3.2.  The field 

dispersion curve obtained during SASW testing is presented in Figure 3.5.  The shear 

wave velocity profiles generated from the SASW tests are presented Figure 3.6.  The 

tabular results from each array are presented in Tables 3.4 and 3.5.  In terms of this 

study, the shear wave velocity measured between the surface and a depth of 7 ft 

ranged from 320 ft/s to 540 ft/s.   

 

 

Figure 3.5:  Theoretical Dispersion Curve Fit to the Composite Experimental 
Dispersion Curve at SASW Line A  (from Kurtulus, 2006) 
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Table 3.4:  Tabulated Values of Best-Fit Wave Velocity Profile from SASW 
Testing at Capitol Aggregates Field Site; SASW- Line A (from 
Kurtulus, 2006) 

 
 

Table 3.5:  Tabulated Values of Best-Fit Wave Velocity Profile from SASW 
Testing at Capitol Aggregates Field Site; SASW- Line B (from Kurtulus, 
2006) 
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Figure 3.6:  Shear Wave Velocity Profiles Determined from SASW Testing at 
Capitol Aggregates Field Site on February 3, 2005 (from Kurtulus, 
2006) 

3.6 CROSSHOLE SEISMIC TESTS 

During construction of the footing used in this study, geophones were placed 

below the surface of the footing as part of Mr. Kwangsoo Park’s Ph.D. dissertation 

research.  The exact location and orientation of these geophones is shown in Figure 

3.7.  The details of the footing’s design, construction and instrumentation will be 

discussed further in Chapter 4.  Crosshole testing was conducted using the 
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horizontally oriented geophones below the footing.  The crosshole source was 

generated in an adjacent borehole located approximately 12 in. from the edge of the 

footing as shown in Figure 3.7. 

Crosshole Source
12”

Crosshole Source
12”

 

Figure 3.7:  Locations and Depths of Embedded Geophones Under 3-ft Diameter 
Footing at the Capital Aggregates Field Site (from Park, 2007) 

The results of the crosshole tests are plotted in Figure 3.7.  These results are shown 

with the shear wave velocity profile determined from the SASW testing conducted by 

Kurtulus (2006).  A good comparison is shown considering the SASW measurements 

are global in nature and the crosshole and downhole measurements are very localized 

in the soil beneath the footing. 
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Figure 3.8:  Results of Crosshole Tests Conducted Under the 3-ft Diameter Footing 
at the Capital Aggregates Field Site in August 2005 (from Park, 2007). 

3.7 TORSIONAL RESONANT COLUMN TESTS 

Torsional Resonant column tests were performed on two specimens taken 

from undisturbed samples at 6.0 and 9.2 ft below the surface.  Each sample was tested 

at five isotropic confining pressures (1.5, 3, 6, 12, and 24 psi) at very low strains (γ < 

0.001%) to determine the variation of shear wave velocity with confining pressure.  

The results of these tests are presented in Figure 3.9.  Then, the samples were tested 

at higher amplitude strains under confining pressures of 6 and 24 psi to determine the 
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nonlinear behavior of the soil.  The variation in shear modulus with shearing strain 

for each sample at each confining pressure is plotted in Figure 3.10.  The normalized 

modulus reduction curves for isotropic confining pressures of 6 and 24 psi are 

presented in Figures 3.11 and 3.12, respectively. 
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Figure 3.9:  Variation of Low-Amplitude Shear Wave Velocity with Isotropic 
Confining Pressure from Resonant Column Tests (from Kurtulus, 2006). 
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Figure 3.10:  Comparison of the Variation in Shear Modulus with Shearing Strain at 
Two Isotropic Confining Pressures from the Resonant Column Tests 
(from Kurtulus, 2006). 
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Figure 3.11: Comparison of the Variation in Normalized Shear Modulus with 
Shearing Strain at Isotropic Confining Pressure of 6 psi (0.86 ksf = 
41.37 kPa) from the Resonant Column Tests with Modulus Reduction 
Curves proposed by Seed et al. (1986) and Darendeli (2001) (from 
Kurtulus, 2006). 
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Figure 3.12:  Comparison of the Variation in Normalized Shear Modulus with 
Shearing Strain at Isotropic Confining Pressure of 24 psi (3.46 ksf = 
165.48kPa) from the Resonant Column Tests with Modulus Reduction 
Curves proposed by Seed et al. (1986) and Darendeli (2001) (from 
Kurtulus, 2006). 
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3.8 SUMMARY 

A number of field characterization measurements were performed at the 

Capitol Aggregates field site by Kurtulus, 2006 and Park, 2007.  Some of these 

results were used in this study.  In terms of the soil within 2B (B= 3ft) of the footing 

base, the soil profile is: 

 1. 8 in. of silty sand (SM), and  

 2. 10 ft of nonplastic silt (ML). 

The average characteristics of the soil are summarized in Table 3.6 

Table 3.6: Summary of Soil Characteristics at the Capitol Aggregates Field Site 

Soil Property Range Average
Total Unit Weight (pcf) 112 -131 121.5

Dry Unit Weight (pcf) 113 113

Water content (%)  8 -16 12

Void Ratio 0.5 0.5

Fines Content (%) 14 - 65 50

Degree of Saturation (%) 89 89

SPT Blow Count 13 - 29 17

Shear Wave Velocity (fps)1 420 - 540 508

Shear Wave Velocity (fps)2 550 - 670 600
Notes: 
     1. Vs from SASW tests
     2. Vs from crosshole and downhole tests  
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CHAPTER 4 

EXPERIMENTAL FIELD SET-UP  

 

4.1 INTRODUCTION 

In this chapter, the test layout at the Capitol Aggregates field site is described. 

This description includes the design and installation of the circular footing and the 

locations and depths of the subsurface instrumentation.  Two different loading 

systems were used to statically load the footing.  These loading systems are described 

and illustrated.  During each test, the footing was loaded and unloaded over a period 

of about 3-4 minutes.  The details of this testing procedure are outlined in the next 

chapter, Chapter 5.  A brief description of the data acquisition hardware and test 

instrumentation is presented. 

4.2 FOOTING DESIGN AND CONSTRUCTION 

The circular footing was a reinforced concrete footing that was 3 ft in 

diameter and 1 ft thick.  The design of the footing is shown in Figure 4.1.  To 

construct the footing, an excavation was first made with small hand tools.  Great care 

was taken to ensure that the bottom surface of the excavation was disturbed as little as 

possible.  A surveyor’s level was used to ensure that an excavation of uniform depth 

was made and that the bottom was level (see Figure 4.2).  A 2-in. hand auger was 

used to bore holes in the soil so that telltales and geophones could be placed beneath 

the footing.  The holes were carefully augered for this purpose. The soil removed 

from the holes was retained in plastic bags and used to backfill the holes after  
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to the center of the 
aluminum tube 

• Telltales are positioned 
symmetrically around the 
center of the footing 

10 in 

 

Figure 4.1:  Design of Reinforced Concrete Footing 
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Excavated Footing Location Sono-tube Formwork Surveyor’s Level 

Figure 4.2:  Excavation and Leveling of the Footing Location 

 

 

Hand Auger Footing Location Telltale 2-in borehole 

Figure 4.3:  Augering 2-in. Boreholes for Telltale Installation 
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placement of the instrumentation.  During the entire excavation and instrumentation 

installation process, the surface of the soil beneath the footing was never stepped on 

or loaded in any way.  A wooden plank was used to bridge across the open excavation 

while installing telltales, thus minimizing disturbance of the soil to be tested (see 

Figure 4.3).  The telltales in place are shown in Figure 4.4. 

Once the subsurface instrumentation was installed, a circular sono-tube form 

was placed in the open hole as shown in Figure 4.5.  Next, the steel rebar cage was 

placed.  The rebar cage was constructed of two horizontal layers with #4 bars in a 6-

in. grid pattern.  The vertical stabilizing bars were #5 bars.  Next, the aluminum tubes 

encasing the telltales, with their ends covered with duct tape, were zip-tied in place to 

ensure their position during concrete pouring (see Figure 4.6).  A downhole seismic 

wave source was also installed in the footing as a part of an associated research 

project (Park, 2007).  The position of the downhole source is noted in Figures 4.5 and 

4.6. 

To construct the footing, 7 ft3 (0.26 yd3) of concrete were used.  The concrete 

was a 3,000-psi mix, with a maximum aggregate size of 0.75 in.  It was delivered by a 

ready-mix truck from Capitol Aggregates Co.  The concrete was poured, rodded to 

eliminate any air voids, and finished within approximately 30 minutes after the pour 

started.  The footing cured for three weeks under a protective cover as shown in 

Figure 4.8.  Then, the sono-tubeform was removed and the area between the footing 

and natural soil was backfilled. 
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Figure 4.4:  Footing Excavation After Installation of the Telltales and Geophones 
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Sono-tube Formwork Telltales 
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during concrete pour 

Downhole source for 
downhole testing 

 

Figure 4.5:  First Stage of Rebar Cage Installation 
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Figure 4.6:  Second Stage of Rebar Cage Installation 

Sono-tube Formwork 
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Figure 4.7:  Finished Footing Construction 
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was curing and 
between tests) 

Footing Location 

 

Figure 4.8: Field Site During Footing Curing and Between Test Days 

4.2.1 CONSTRUCTION DETAILS OF THE TELLTALES 

The telltales were used to measure settlement at various depths beneath the 

footing.  The telltales were built with a 0.25-in. steel rod with a square steel plate, 1.4 

in. on a side, welded to the bottom.  Each telltale rod was placed in a 0.5-in. outside 

diameter aluminum tube, with 0.375-in. inside diameter.  The purpose of the 

aluminum tubes was to prevent side shear or loading of each rod of the telltales from 

the surrounding soil.  The aluminum tube was segmented into pieces that were 5.5-in. 

long to allow axial movement of the sleeve without influencing the inner telltale rod.  

The connection between segments of the aluminum tubing was constructed with 

standard electrical tape to prevent soil intrusion into the tube while allowing axial 

compression.  The sticky side of the tape exposed to the telltale rod was covered with 

another reversed piece of tape to ensure that the tape did not interfere with the 

movement of the telltale rod.  Finally, a rubber membrane was secured to the bottom 
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of the telltale with a rubber o-ring to ensure no soil intrusion between the aluminum 

tube and the rod at the base of the instrument.  An example telltale is shown in Figure 

4.9. 

 

 

Telltale Rod 

Telltale Base Plate 

Aluminum Tube 

Electrical Tape 
Connections 

Membrane 

O-Ring 

Figure 4.9: Detailed Telltale Picture 

Telltales were placed at depths of 6, 12, 18, and 30 in. below the base of the 

footing.  Two telltales were placed at each depth.  Four of these telltales were placed 
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~4 in. from the center of the footing and the other four telltales were placed ~13 in. 

from the center.  For each depth below the footing, the settlement was measured with 

two telltales, one near the center of the footing and one near the edge of the footing.  

The depths of each telltale are shown in Figure 4.10.  A cross-sectional view of the 

telltales and footing are shown in Figure 4.11. 

 

 

Figure 4.10:  Footing Plan View Showing Telltale Locations 

0.5-in. Aluminum 
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Rebar (6-in. grid) 
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12 in.30 in. 

Notes:  
• Telltale depths +/- 0.25-in 
• Telltales are positioned 

symmetrically around the 
center of the footing 6 in. 18 in. 

30 in. 18 in. 

A A 
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Figure 4.11   Section A-A from Figure 4.10: Depths of Telltales Beneath the Footing  

4.3 LOADING SYSTEMS 

Vertical static loads were applied to the footing using two different vibroseis 

systems as illustrated in Figure 4.12.  The two vibroseis systems were a smaller one, 

called “Thumper,” and a larger one, called “T-Rex”.  Thumper loading the footing is 

shown in Figure 4.13. T-Rex loading the footing is shown in Figure 4.14.  Both 

systems essentially operate in the same fashion; a hydraulic ram pushes a large plate 
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downward.  The magnitude of the reaction force in Thumper is significantly smaller 

than the reaction force of T-Rex.  The load between the hydraulic ram was transferred 

through a load cell to a three point loading frame that was centrally located on top of 

the footing as illustrated in Figure 4.12.  The loading frame serves to distribute the 

point load from the truck into three evenly distributed load points on top of the 

footing. This arrangement minimizes any unwanted movement that might occur from 

an off-center, single point load at the top of the footing. 
 

 

2 in 12 in 

3-Point Loading 
Frame 7.75 in” 

Static Vertical Load from 
Vibroseis System 

Load Cell 

Reinforced 
Concrete 
Footing 

3 ft 

Steel Protective Plate 

Figure 4.12:  Static Vertical Loading Applied to Footing using a Vibroseis System 

4.3.1 VIBROSEIS TRUCK (THUMPER) 

The small vibroseis truck (a.k.a Thumper) was used to load the footing and 

measure the response of the soil in the linear range.  This arrangement is shown in 

Figure 4.13.  This vehicle applied vertical static loads to the footing through a 

hydraulic ram mounted on the rear of the vehicle using the vehicle weight as the 
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resisting force.  The maximum static load that could be applied with Thumper was 

10,000 lb.  This load created an equivalent vertical pressure at the base of the footing 

equal to 1400psf. 

 

Thumper 

Footing 

3-Pt Loading 
Frame 

Telltales 

Wooden 
Reference Frame 

 

Figure 4.13:  Arrangement Used to Load the Footing with Thumper. 

4.3.2 VIBROSEIS TRUCK (T-REX) 

The large vibroseis truck (T-Rex) was used to apply larger loads to the top of 

the footing and thus induce higher pressures in the soil mass below the footing than 

was possible with Thumper.  These larger loads were used to measure the soil 

response in the linear and mildly non-linear strain ranges.  This vehicle applied loads 

to the footing through a hydraulic ram mounted on the rear of the vehicle using the 

vehicle weight as the resisting force.  The maximum static load T-Rex could achieve 
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was 23,000 lb.  This load created an equivalent, uniform vertical pressure at the base 

of the footing equal to 3300 psf.  

 

T-Rex 

Footing 

Wooden 
Reference Frame 

Load Cell 

3-Pt Loading 
Frame 

Telltales 

Hydraulic Ram 

 

Figure 4.14:  Arrangement Used to Load the Footing With the Hydraulic Ram on the 
Back of T-Rex 

4.4 INSTRUMENTATION 

The instrumentation used to measure and record the settlements of the footing 

and the soil at various depths beneath the footing are discussed below. 
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4.4.1 LINEAR POTENTIOMETERS 

A linear potentiometer is essentially a variable resistor.  The resistance output 

is proportional to the position of the wiper within the range of the circuit.  Figure 4.15 

illustrates the basic operation of a linear potentiometer.  One linear potentiometer 

(pot) used in this study is pictured in Figure 4.16.  

 

       

Shaft 

a. Interior Schematic of Linear Pot      b. Electrical Diagram of Linear Pot 
 

 
c. Physical Diagram of Potentiometer Operation 

Figure 4.15:  Schematic of Linear Potentiometer 
(http://www.allaboutcircuits.com/vol_6/chpt_3/6.html) 
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The wiper in contact with the resistor inside the linear potentiometer is fixed to the 

shaft.  Thus, any displacement of the shaft will reduce or increase the resistance over 

the measured circuit.  A 10-V DC power source was supplied to each linear pot, and 

the voltage passing through the variable resistor was measured.  Therefore, in 

principle, when the shaft is fully extended, the output voltage is zero volts; and when 

the shaft is fully compressed, the output voltage is 10 volts.   

Linear 
Potentiometer 

Shaft (attached to wiper 
inside the cylinder) 

Spring loaded shaft ensures 
constant contact with 

measured surface 

2 in. Stroke 
Length 

Positive Contact 
(Input Voltage) 

Common 
Contact 

Wiper Contact 
(Measured Voltage)   

Figure 4.16:  2-inch Linear Potentiometer Used in this Study 

Each linear pot was individually calibrated to determine the precise operating 

range and to check linearity within that range.  During calibration, measurements 

were taken each 0.01 in. over the stroke length from 60 to 90% of full compression.  

This stroke was the range in which the each linear pot was used in the field.  The 

linear pots used had a 2-in. range of motion and measured displacements with a 

precision of +/- 0.025%FS, or +/- 0.0005 in.  An example calibration curve from one 
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linear potentiometer is presented in Figure 4.17. Calibration data from each linear 

potentiometer are presented in Appendix B.   

Linear Pot Calibration (LP #7)
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Figure 4.17:  Typical Calibration Curve of a Linear Potentiometer for a Calibration 

4.4.2 REFERENC

lement of the foundation under each load and to measure 

the resu

Range of 60 to 90% of Full Compression 

E FRAME 

To measure the sett

lting settlement of the individual telltales, a reference frame was constructed 

in accordance with ASTM D 1194-94, “Bearing Capacity for Static Load on Spread 

Footings.”  The frame was constructed of wooden 2 in. x 4 in. beams and was 

supported by steel stakes driven 20 in. into the ground.  The steel stakes were located 

8 ft from the center of the foundation as shown in Figure 4.18.  The reference frame 

supported the linear potentiometers (linear pots) and the electrical circuits, as shown 

in Figures 4.19, 4.20 and 4.21.   
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2 in. 

12 in. 

Linear Potentiometers -- Supported on Reference Frame 

Reinforced 
Concrete 
Footing 

10-11 in.

8 ft 8 ft 

Lag screw & 
clamp 

20 in. 

20 in. 

Steel Stake 

Wooden 
Reference Frame 

Telltales  

3 ft 

Figure 4.18:  Arrangement of Reference Frame and Linear Potentiometers (not to 
scale) 

 

Wooden 
Reference Frame

Clamps

Output to VXI 

Telltales

Linear Pots 

Electrical Circuit Surface 
Measurement Point

Brass Tops provided 
flat, level surface at 
top of each Telltale

Output to VXI

Figure 4.19:  Pictures of Linear Potentiometers Supported by the Reference Frame 
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Wooden 
Reference 

Frame 

Footing 

3-Pt Loading Frame 

Linear Pots 

Telltales 

Clamp 

Load Cell 

Electrical Circuit 

Output to VXI 

 

Figure 4.20: Plan View of Reference Frame over Footing and 3-Point Loading Frame 

Thumper Loading 
Plate 

Footing 

Load Cell 

Linear 
Potentiometers 

Telltales 

3-Point Loading 
Frame 

Linear 
Potentiometers 

Wooden 
Reference 

Frame 

Telltales 
  

Figure 4.21:  Arrangement of the Footing Instrumentation and Loading System  
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4.4.3 LOAD CELL 

A single, 50-kip (222 kN) load cell was used to measure the force applied to 

the footing.  The load cell sensed the load by measuring the strain in a piece of 

precisely machined metal.  The strain is measured using strain gauges bonded to 

metal beams within the load cell.  The voltage drop across the circuit within the strain 

gauge is related to the strain in the metal which is in turn proportional to the load 

applied.  The load cell was calibrated by the manufacturer, Interface Force. 

 

VXI Multi-Channel 
Analyzer 

10-V Power Source 

Laptop Computer 

Input Signals from 
Power Source, Load 
Cell, and Linear Pots 

Power output to Load 
Cell, Linear Pots, and 

VXI Analyzer  

Figure 4.22:   Arrangement of Recording Instruments in the Field 

4.4.4 VXI- MULTI-CHANNEL ANALYZER 

A VXI Multi Channel Analyzer was used to measure and record the voltage 

output of each linear pot, the load cell, and the input voltage produced by the power 

source.  The VXI is a 72-channel dynamic signal analyzer designed to record 
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extremely small variations in voltage rapidly and with precision.  The VXI recorded 

voltage to the nearest 0.0001 volt at a rate of 32 readings per second, approximately 

2000 readings per minute.  This analyzer was selected because it had the capability to 

record multiple channels simultaneously, with tremendous accuracy. 

4.5 SUMMARY 

The experimental set-up in the field used to perform load tests on a small 

shallow footing is described in this chapter.  A 3-ft diameter reinforced concrete 

footing was designed and constructed with telltales installed at four different depths 

beneath the footing.  A load was applied using either T-Rex or Thumper. The load 

was directed through a load cell and a 3-point loading frame to the footing.  The 

loading sequence occurred over a period of 3-4 minutes as further described in 

Chapter 5.  The settlements of the footing and the soil mass beneath the footing were 

measured by linear potentiometers and recorded at a rate of about 2000 readings per 

minute on a VXI Multi-Channel Analyzer.   
 

 47



CHAPTER 5 

FIELD LOAD TESTS 

 

5.1 INTRODUCTION 

In this chapter, the footing load tests conducted at the Capital Aggregates field 

site are discussed.  The goal of these tests was to measure vertical settlements of the 

top of the footing and within the soil mass at various depths below the footing.  These 

measurements are later used to assess the accuracy of various models that are used to 

predict the vertical settlement of shallow foundations on granular soils.   

Several days of testing were required over a period of two months.  For the 

tests discussed in this chapter, the footing was loaded to a maximum load of 20,000 

lb, resulting in a maximum average footing pressure of 2800 psf.  This load is 

estimated to be 35% of the ultimate bearing capacity of the footing.  Under this load, 

the maximum measured settlement of the footing was very small (0.016 in.).   

 

5.2 FIELD TESTING PROCEDURE 

The testing procedure used to load and measure settlements of the footing and 

soil mass was modeled after the procedure outlined in ASTM D1194-94, “Bearing 

Capacity on Soil for Static Load on Spread Footings”.  This procedure was modified 

where necessary to improve the accuracy of the vertical settlement measurements.   
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Each day that testing was conducted, the following procedure was followed. 

 

1. Remove the protective cover over the footing and adjacent soil.  The 

footing was covered with two layers of tarps to protect the footing, 

telltales, and surrounding soil from foul weather. 

2. Place the loading frame on the center of the footing.  When possible, the 

loading frame was left in place between testing days so that it did not have 

to be reset. 

3. Erect the reference frame by bolting it to the stakes driven in the ground.  

When possible, the reference frame was left in place between testing days.  

Hence, it was not required to reset it each testing day. 

4.  Connect the linear potentiometers to the reference frame. 

5.  Run twisted, shielded, BNC cables between the linear pots and the VXI 

dynamic signal analyzer. 

6.  Set-up the VXI analyzer, laptop computer, and power source.   

7. Set the load cell on the 3-point loading frame.  

8. Check the location (and center if necessary) of the 3-point loading frame. 

9. Connect the load cell to the power source and the VXI analyzer. 

10. Connect all linear pots to the power source and the VXI analyzer. 

11. Connect the power source to the VXI analyzer. 

12. Position the linear pots in place to record settlement. 

13. Conduct an electronics check to ensure each linear pot was functioning 

and properly recording on the assigned channel. 
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14. Check to ensure each linear pot was set at an initial position between 50 to 

90% of the fully compressed position.  This check is done by reading the 

initial voltage of each linear pot which should be between 5 and 9 volts. 

15. Take an initial record of the telltale positions using the linear pots. 

16. Position the loading vehicle with the loading apparatus centered over the 

load cell. 

17. Take a second record of telltale positions.  This record indicates any 

movement of the footing due to movement of the loading vehicle close to 

the footing.  Note: This step was eliminated after repeated measurements 

revealed that the placement of the loading vehicle had no effect on the 

initial position of the telltales. 

18. Prepare the VXI to make measurements for 256 seconds at a rate of 32 

measurements/sec (approximately 2000 measurements/min). 

19. Initiate the recording.  The load and displacement were equal to zero at the 

initiation of each test.   

20. Initiate loading immediately after initiating recording.  The loading was 

controlled by an operator increasing and decreasing the hydraulic pressure 

in the loading system.  The operator monitored the load applied on a 

multi-meter throughout the test. 

21. Complete the loading sequence which took approximately 4 minutes.  This 

short time was selected for several reasons: 

  a) to minimize the influence of temperature on the reference frame and 

telltales, 
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  b) to minimize the influence of foundation/ground vibrations caused 

by truck traffic on the loading frame and reference frame, and  

  c) to avoid the influence of wind on the reference frame  

22. Complete the recording. 

23. Repeat steps 18-22 for all desired load sequences. 

24. Upon completion of testing for the day, the loading system was removed 

from the site. 

25.  Disconnect and remove all linear potentiometers and the load cell from 

the footing. 

26. Replace the protective cover over the footing. 

 

5.3 MEASUREMENTS 

Measurements of the applied vertical load and resulting vertical settlement of 

the telltales and footing were taken throughout the time period of the test.  

Measurements were taken at a rate of about 2000 records per min.  The VXI Analyzer 

was used to measure and record the voltage to the nearest 0.0001 Volt.  The 

calibrated precision of each measurement was +/-0.0005 in. The following list details 

each measurement taken and its impact on the data analysis.   

 
1. The voltage of the power supply was recorded.  The power source was 

used to provide a 10V DC power supply to the linear pots and the load 

cell.  It was important to know the precise input voltage because the output 

voltage of the linear pots and the load cell are a function of the input 

voltage provided by the power source.   
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2. The output voltage of the load cell was recorded.  The output voltage was 

used to calculate the applied load on the footing.  During each test, the 

load measured at any time (t) was equal to the difference between the load 

recorded at time t and the load recorded at time t = 0.  Thus, any 

background voltage in the strain gauge of the load cell was eliminated. 

3. The output voltage of each linear potentiometer was recorded.  This output 

voltage of each linear potentiometer was used to measure the movement of 

each telltale and the surface of the footing.  During each test, the 

settlement measured at any time (t) was equal to the difference between 

the position of the linear potentiometer recorded at time t and the position 

of the linear potentiometer recorded at time t = 0. Thus, the zero position 

was reset for each linear potentiometer for each test. 

5.4 HISTORY OF TESTING  

Table 5.1 presents the complete history of testing conducted in this study.   

Table5.1:  History of the Load Tests at the Capitol Aggregates Field Site 

Date Purpose # of tests Peak load Vibroseis Remarks

9-Sep Initial tests 1 9,000 Thumper Data suggested footing rose from the 
ground

16-Sep Temperature Tests 1 0 N/A
Tested reference apparatus to 
evaluate the impact of changing 
temperature over time.  

30-Sep Test 2 9,000 Thumper Truck Traffic impact noted
1 9,000
1 18,000
4 5,000
4 20,000
4 23,000

11-Nov Final Tests 15 20,000 T-Rex Complete data set 

18-Oct Test 

25-Oct Test 

Good data, but only 1 test at each 
load and missing some data points

Good data, but missing several 
important data points.  

T-Rex

T-Rex
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5.5 LOADING SEQUENCE 

The total testing time was determined from the results of a set of initial tests.  

During the initial tests on 9 Sep 2005, an incremental load was applied at 15-minute 

increments, per ASTM D1194-94.  Settlement measurements were taken at each load 

step.  The results of these initial tests indicated that the temperature change in 

ambient air temperature was sufficient to move the reference frame and thus 

negatively impact the measured settlements which were very small.  Thus, the total 

time of the load sequence was reduced to eliminate or minimize the effects of 

temperature change.  Since the measured settlements are essentially in the linear 

range and the soil is less than saturated, the reduction in testing time should not have 

an effect on the measured settlement of the footing or soil mass, other than any creep 

effect which was ignored in this study. 

The second day of testing, 30 Sep 2005, revealed the influence of passing 

truck traffic on the recorded measurements.  During load tests, it was visually 

observed that passing trucks crossing a cattle guard next to the site caused the 

reference frame to vibrate.  The data collected also showed a clear spike in the 

measurements when trucks passed.  Even though the influence of the truck traffic 

lasted only a few seconds, the zero position of the reference frame was disturbed and 

therefore the remainder of the test data was useless.  The remainder of the tests were 

conducted only during periods of no traffic.  However, traffic did pass in between 

tests. Thus, it was still required to reset the initial position of the linear pots at the 

beginning of each test. 

Each test was conducted over a period of 256 seconds.  However, the Load 

was applied and released in about 210 sec.  During this time, the load was gradually 

applied for approximately 60 seconds, then it was held as close to constant as possible 
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for 30-90 seconds, then gradually removed over approximately 60 seconds.  A typical 

record of the applied load versus time is shown in Figure 5.1. 

The effect of this loading rate on pore pressures was also considered.  

Undisturbed soil samples were taken as part of the site characterization study of the 

Capitol Aggregates field site (Appendix C).  Within the zone of influence, a depth of 

about 7 ft, the measured degree of saturation was < 90% and the void ratio was 

approximately 0.5.  Given this level of saturation and void ratio, it was assumed that 

no significant pore pressure changes occurred due to loading the footing.  

5.6 LOADING LEVELS 

The focus of this study was on settlement in the linear and mildly nonlinear 

ranges that would be associated with working (not failure) load levels.  Hence, it was 

important to ensure that much of the measured settlements were recovered during the 

unloading portion of each test.  During the initial tests on the footing, the maximum 

load level was 5,000 lb, resulting in an average vertical stress of about 700 psf.  The 

data from those tests indicated that the soil was within the elastic range at this load 

level.  The maximum load applied was subsequently increased to 10,000 lb (~1400 

psf) and a second series of tests was conducted.  Again, the settlement measurements 

indicated that the soil remained in the elastic range.  Finally, the maximum applied 

load was increased to 20,000 lb (~2800 psf).  During the tests where this peak load 

was induced, the settlement measurements indicate nearly complete recovery of the 

induced settlements.  The typical movements of four telltales measured during the 

loading illustrated in Figure 5.1 are shown in Figure 5.2.   
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Figure 5.1: Typical Load vs. Time Measurement During an Individual Test. 
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Figure 5.2:  Typical Settlement Measurements During an Individual Test 
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5.7 FIELD TEST RESULTS 

The results presented and discussed in this section were obtained from a series 

of five tests in which the footing was loaded to 20,000 lb and then completely 

unloaded in each test.  The results from tests performed at lower loads show the same 

trends, although the movements of the footing and telltales under the lower peak 

loads are very small. The main conclusion that can be drawn from the earlier tests is 

that the footing settled no more than 0.001 in. under 10,000 lb and the data suggest 

that most of the deformation was recovered during unloading.   

At a peak load of 20,000 lb, the bearing capacity analysis reveals that this load 

is still only about 40% of the estimated ultimate bearing capacity of the footing.  The 

bearing capacity was calculated at 56,000 lb (8,000 psf) using Meyerhoff’s equation 

(Meyerhoff, 1951) (Equation 5.1) for ultimate bearing capacity and neglecting the 

cohesion and surcharge terms.  The 20,000-lb load level can be considered a 

reasonable “working load” that a geotechnical engineer might expect to be applied in 

the field.  Thus, the footing was loaded to a factor of safety in the range of 2 to 2.5.     

 
  pf = c Nc fc + q Nq fq + 0.5B γ Nγ fγ             (5.1) 
 
where:  pf = bearing capacity at failure as a pressure, 
  Nc, Nq, and Nγ are dimensionless factors that depend on φ,  
  c = soil cohesion, 
  fc, fq, and fγ are correction factors,  
  q = surcharge pressure at footing depth, and 
  γ  = unit weight. 
 

The Nγ term was computed assuming φ = 35 degrees and using Ingra and 

Beacher’s equation: 

 Nγ = exp(-1.646 + 0.173φ).              (5.2) 
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The result was Nγ = 82. 

5.7.1 TABULATED MEASURED SETTLEMENTS 

The maximum load achieved in these tests was 20,000 lb +/-1%.  In each test, 

over 8,000 data points were recorded.  To present a useful data set, the data were 

averaged over 2.5 seconds which resulted in about 100 data points per test per 

measurement point.  The results from one load test conducted as described above are 

presented in Table 5.2.  The results from all the load tests conducted in this study, on 

11 Nov 05, can be found in Appendix A.  Each of the figures presented in this section 

were generated from the data in Table 5.2 and the tables in Appendix A. 

5.7.2 TYPICAL LOAD-SETTLEMENT CURVE 

In Figures 5.3 through 5.8, typical load-settlement curves obtained from the 

measurements of settlement near the center of the footing during a single load-unload  

test are shown.  The general response of the footing and soil can be observed in these 

plots.  The notation of each telltale indicates the number of the linear potentiometer 

used (LP 1), the vertical position of the telltale (i.e. surface, 6, 12,18, 30 in.), and the 

radial position of the telltale (I= interior, near the center of the footing, O = outer 

perimeter of the footing).  As an example, LP6 (6”)I is linear pot number 6 which is 

measuring the telltale at a depth of 6 in. at the interior of the footing. 

Consider Figure 5.4 as an example.  First, the potentiometer shows a general 

trend of increasing settlement nearly linearly with increasing load.  Note the sign 

convention used in this study.  Settlement was recorded as negative motion in the 

vertical direction.   
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Table 5.2: Tabulated Results From Field Load Test #3 
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Table 5.2:  Tabulated Results from Field Load Test #3 (continued) 
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Figure 5.3:  Typical Settlement Measurements of the Top of the Footing near the 
Center 
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Figure 5.4:  Typical Settlement Measurements of Telltale at 6 in. Beneath the Center 
of the Footing 
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Figure 5.5:  Typical Settlement Measurements of Telltale at 12 in. Beneath the 
Center of the Footing 
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Figure 5.6:  Typical Settlement Measurements of Telltale at 18 in. Beneath the 
Center of the Footing 
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Figure 5.7:  Typical Settlement Measurements of Telltale at 30 in. Beneath the 
Center of the Footing 
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Figure 5.8:  Comparison of Typical Settlement Measurements of the Surface and the 
Telltales Beneath the Center of the Footing 
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Second, during the unload phase of the test, the soil did not rebound on the 

same curve recorded during loading.  These data suggest slight non-linear behavior of 

the soil mass.  It should be noted in the test presented in Figure 5.4, the total 

permanent settlement after unloading was less than 0.002 in.  This amount of 

permanent settlement was not recorded for all tests during this study.  The final 

position of telltales varied from zero to -0.010 in. from the telltales’ original position 

with an average of approximately -0.004 in.  Some of this apparent permanent 

deformation may be due to movement of the reference frame in the wind.  However, 

given the very small deformations and the relative precision of the linear 

potentiometers, it was difficult to distinguish actual non-linearity of the soil from 

movement in the measurement apparatus.   

Third, each telltale begins to move at a slightly different load.  The measured 

settlement at the surface and 6 in. below the surface show movement at 

approximately 1000 lb. On the other hand, the telltales at depths of 12 in. and 18 in. 

do not record any settlement until loads of about 3000 lb and 9000 lb, respectively.  

The telltale at 30 in. indicates almost no response to the loading or unloading.  This 

observation confirms the expectation that greater loads are required to induce 

measurable settlements at greater depths (as expected due to stress distribution).  This 

observation also indicates that the telltales are indeed moving independently from one 

another as designed.  

Fourth, the maximum settlement of each point under the footing can be 

determined.  The maximum settlement of each point was expected to decrease with 

increasing depth.  In all of these tests, the data show the expected trend.  The 

measured settlement of the surface of the footing shows the greatest movement while 
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the telltale at 30 in. below the footing shows very little movement. This point is 

illustrated in Figure 5.8 in which all the load-settlement curves are placed on the same 

graph.   

5.7.3 PEAK SETTLEMENTS  

As noted previously, each test reached a peak load of about 20,000 lb and the 

induced settlement was nearly completely recovered during each test.  Thus a 

comparison can be made of the peak measured settlements at each location for these 

tests.  In Figures 5.9 and 5.10, the peak measured settlements of each telltale near the 

center and perimeter of the footing are shown, respectively.  This figure illustrates 

several important points as discussed below.   

First, the initial test during this series of tests showed the highest settlements 

for each measurement point.  On the days in which multiple load tests were run with 

the same peak load, 25 Oct and 11 Nov, the tests were run in a series of four or five 

tests.  Between series of tests, the data was analyzed and linear pots were 

repositioned.  Typically, the time between series of tests was no more than one hour.  

It was recognized that the first test in each series, consistently showed greater 

settlement and less rebound, for all measurement points, than the following tests.  It is 

believed that the measured settlements during the first test in each series reflect an 

unknown amount of seating which occurred in response to the applied load.  The tests 

which followed the initial “seating” test reflect a more accurate description of the soil 

behavior under loading and unloading.  So, the first test in each series was discarded 

from further analysis.   
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Figure 5.9:  Comparison of Peak Measured Settlements Near the Center of the 
Footing Under a Static Load of 20,000 lb 
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Figure 5.10:  Comparison of Peak Measured Settlements Near the Perimeter of the 
Footing Under a Static Load of 20,000 lb 
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Second, the precision of the measurement technique appears very good.  

Nearly the same peak settlement was measured during each test, with the exception of 

the first test which was discarded.   

Third, no apparent correlation can be seen between the slight differences in 

load and the slight differences in measured settlement.  This observation gives further 

credit to the idea that the source of the differences in measured settlements is 

influenced more by random variability than differences in load.  A certain amount of 

random variability was expected from uncontrollable variables at the site. 

Fourth, by averaging the measured settlements during each test, the random 

variability within each measurement can be reduced.  Further analysis using the 

averaged settlements yield a more accurate picture of the behavior of the soil under 

this load as discussed subsequently. 

Fifth, the measured settlements of telltales near the center of the footing are 

very similar in magnitude to the settlements measured of telltales near the perimeter 

of the footing.  As can be seen in Table 5.2 and Figure 5.10, two of the linear 

potentiometers failed during testing. Thus, a complete set of data points for the 

telltales near the perimeter was not recorded for any single series of tests.  The linear 

potentiometers were moved from point to point between series of tests to obtain a full 

record of the behavior of each point during loading and unloading.  Henceforth, the 

measured settlements near the center of the footing were selected for discussion, since 

a measurement was made for each of the five interior measurement points during 

each of the 15 tests conducted.  The full record of record measurements near the 

perimeter of the footing is presented in Appendix A. 
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5.7.4 MEASURED VERTICAL STRAIN DISTRIBUTION 

The settlement measurements were also used to calculate the vertical strain at 

various depths beneath the footing.  The vertical strain was calculated by dividing the 

difference in settlement between adjacent telltales by the original vertical distance 

between the telltales (εv = Δl/l ).  This vertical strain was plotted at a depth equal to 

the midpoint between the telltales. The calculated vertical stains are presented in 

Table 5.3.  The measured vertical strain distribution with depth is shown in Figure 

5.11.  The measured data indicate that the peak strain amplitude occurs as at a higher 

elevation than predicted by Schmertmann (1970), who predicted a peak strain 

amplitude at a depth of B/2.  The shape of the measured strain distribution does not 

match Schmertmann’s theoretical curve. Schmertmann’s strain distribution curve is 

discussed further in Chapter 6.  This difference may be due to the fact that the upper 

material is a silty sand (SM) while the soil below is a sandy silt (ML). 

Table 5.3:  Measured Vertical Strain Beneath the Footing During Test #3 

Telltale 
Depths

Layer 
Midpoints

Total 
Measured 
Movement

Compression of 
Each Layer

Strain in each 
Layer

Depth, z Depth Δ z
ft ft in. in. %
0 0.25 0.0159 0.00558 0.09302

0.5 0.75 0.0103 0.00192 0.03197
1 1.25 0.0084 0.00454 0.07572

1.5 2 0.0038 0.00265 0.02209
2.5 4.25 0.0012 0.00119 0.00284
6

* The settlement at 6 ft beneath the footing was assumed to be zero.  
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Variation of Vertical Strain with Depth
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Figure 5.11:  Measured Variation of Vertical Strain with Depth Beneath the Footing 

It is difficult to compare calculated vertical strains in this study because the 

movements recorded were very small (maximum settlement < 0.02 in.) and thus the 

difference between adjacent points beneath the footing was even smaller (~0.001 to 

0.01 in.). Since the precision of the linear potentiometers was only +/-0.0005 in., one 

must be careful in drawing conclusions about the relative vertical strain distribution 

beneath the footing. The data suggest that the strain distribution generally follows the 

theoretical distribution proposed by Schmertmann, but the precision of the linear pots 

preclude any strong conclusions.  One important point that can be concluded is that 

the maximum induced vertical strains below the foundation, under a load of 2800 psf, 

is less than 0.1%.  
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5.7.5 COMPARISON OF MEASURED SETTLEMENTS AT EACH DEPTH 

Settlements were measured at two radial distances away from the center of the 

footing.  At each radial distance, measurements of the surface of the footing and at 

each depth below the footing were recorded.  At each elevation, one measurement 

was taken approximately 4 in. from the center of the footing and another 

measurement was taken approximately 13 in. from the center.  The discussion below 

focuses on the telltales closer to the center of the footing.  The plots of the telltales at 

13 in. from the center of the footing can be found in Appendix A.  

In Figure 5.12, the measured settlements of the surface during each of the four 

tests are presented.  The data indicate that the settlement of the surface is fairly 

consistent for each test. The measurement record appears to be adversely impacted by 

outside vibrations throughout the test.  This same pattern is not seen in the records of 

settlements below the surface of the footing.  A closer look at the time records of each 

test revealed that the vibration noise was not recorded until the hydraulic ram made 

contact with the load cell during each test.  So, this noise seems to originate from the 

motor on the Vibroseis truck operating the hydraulic ram.   

In Figures 5.13 to 5.16, the measured settlements of the telltales at depths of 6, 

12, 18, and 30 in. beneath the footing during each of the four tests are presented, 

respectively.  The data indicates that the behavior of the soil beneath the footing was 

the same during each load and unload cycle.  For each depth, the telltales show the 

same response to the load and unload cycle.   
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Figure 5.12:  Measured Settlements of the Top of the Footing for Four Tests 
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Figure 5.13:  Measured Settlements at 6 in. Beneath the Footing for Four Tests 
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Figure 5.14: Measured Settlements at 12 in Beneath the Footing for Four Tests 
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Figure 5.15:  Measured Settlements at 18 in. Beneath the Footing for Four Tests 
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Figure 5.16: Measured Settlements at 30 in. Beneath the Footing for Four Tests 

5.8 SUMMARY 

A series of load tests was conducted on a 3-ft diameter footing at the Capitol 

Aggregates field site to measure the settlement of the footing and the soil mass 

beneath it.  A series of initial tests refined the test procedure and eliminated several 

sources of variability.  The final set of tests is discussed in this chapter.  These results 

are compared to predicted settlements in Chapter 7.  The measured response of the 

soil was shown to be very consistent over a series of tests with a peak load of 20,000 

lb.  
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CHAPTER 6 

SETTLEMENT PREDICTIONS OF  
THE CENTER OF THE FOOTING 

 

6.1 INTRODUCTION 

Over the years, several analytical and empirical techniques have been 

developed to predict the settlement of shallow foundations.  In sandy soils, due to the 

difficulty in obtaining undisturbed samples, these analytical techniques primarily use 

data from in-situ tests such as the SPT or CPT.  In recent years, the improvement in 

finite element analysis software and its widespread usage have enabled engineers to 

employ numerical analytical techniques to these types of problems as well.  However, 

these numerical techniques do not solve the problems associated with estimating the 

material properties of soil.  Nonetheless, they can assist the engineer in conducting a 

more robust analysis of complicated geometry or layered systems which previously 

were evaluated analytically with various simplifying assumptions. 

In this chapter, two semi-empirical models and one numerical model are used 

to predict the deformation of the soil mass beneath the 3-ft diameter prototype 

footing.  The first semi-empirical model is the method of settlement prediction 

originally proposed by Schmertmann in 1970.  This model, as used in this study, is 

based on correlating the stiffness of each layer with the SPT blow count.  The second 

semi-empirical model used is the method proposed by Burland and Burbidge, 1985.  

This model is based purely on the SPT blow count.  The numerical model involves 

using the finite element program, PLAXIS.  Where possible, the variation in vertical 
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movements with depth beneath the footing are predicted.  Also, strain distribution 

with depth are illustrated and compared. 

To compare the site characterization techniques used in this study, 

Schmertmann’s method was applied with two different sets of data; once using the 

data gathered from the SPT tests and then again using the results of SASW testing.  

Similarly, the finite element analysis was performed three times using moduli from 

field SASW, field crosshole tests and laboratory RC tests.  In this way, the influence 

of the in situ test could be distinguished from the other assumptions of each analytical 

technique.  Additionally, the difference between global dynamic moduli (from SASW 

testing), local dynamic moduli (from crosshole testing), and laboratory moduli (from 

resonant column testing) could be shown. 

6.2 SCHMERTMANN’S (1970) SETTLEMENT ANALYSIS 

The Schmertmann method is based on a physical model of settlement which 

has been calibrated by empirical data (Coduto, 2001).  The method requires the 

following information from in-situ tests: (1) the layered structure of the soil deposit 

(layer thickness and unit weight of soil) and (2) an estimation of the equivalent 

modulus of elasticity, Es, for each soil layer.  Schmertmann conducted extensive 

research on the vertical distribution of strain with depth (Schmertmann et al., 1978).  

For square and circular footings, an assumed distribution of strain with depth (to a 

depth of 2B) is used to estimate the compression of each layer under the design load.  

This assumed distribution is shown in Figure 6.1. 
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Figure 6.1:  Schmertmann’s Zone of Strain Influence for a 3-ft Diameter Footing 
Under a Uniform Pressure of 2800psf (Schmertmann, 1970) 

The peak value of the strain influence factor, Iεp, is: 

 

I εp 0.5 0.1
q σ zD−

σ zp
⋅+

          (6.1) 

where: 
 q = bearing pressure at the base of the footing, 
 σzD = effective vertical stress at a depth D below the ground surface, and 
 σzp = initial effective vertical stress at depth of peak strain influence factor. 

 

The compression of each layer is totaled to compute the total settlement of the 

footing.  The general form of Schmertmann’s expression is: 

 

           (6.2) 

where: 
 δ = total settlement, 
 C1 = depth factor (C1 =1 for this study), 
 C2 = secondary creep factor (C2 = 1 for this study), 
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 C3 = shape factor (C3 = 1 for square and circular footings), 
 q = bearing pressure, 
 σzD = effective vertical stress at a depth, D below the ground surface, 
 D = depth of the base of the footing below the ground surface (10 in.), 
 Iε = Strain Influence Factor for layer i,  
 H = thickness of soil layer i, and 
 Es = equivalent modulus of elasticity of soil in layer i. 
 

The Strain Influence Factor (Iε) for circular footings is given as: 

 
For zf = 0 to B/2: Iε = 0.1 +(zf/B)(2(Iεp-0.2))       (6.3) 
For zf = B/2 to 2B: Iε = 0.667Iεp (2- zf /B)        (6.4) 

 
where   zf = depth below the base of the footing, and  
  Iεp = peak Iε given from Equation 6.1. 

 

The equivalent modulus of elasticity was determined differently for each 

analysis using Schmertmann’s method depending on the in-situ test used.  For the 

SPT tests, the equivalent modulus of elasticity was based on the correlation between 

Es and N60 suggested by Coduto, 2001 for silty sands as: 

 
E s 50 000

lbs

ft2
⋅ OCR⋅ 12+, 000

lbs

ft2
N 60⋅,

          (6.5) 

where:  
OCR = overconsolidation ratio, and 

 N60 = SPT blow count corrected for field procedures 
 

The OCR used over the depth of the influence was 2-4, based on a study of the 

Capitol Aggregates field site study conducted in 2002 (Axtell, 2002).  For SASW 

testing, the modulus of elasticity was determined from the theoretical relationship 
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For the three analyses using Schmertmann’s method, the predicted variation in 

total settlements with depth are presented in Figure 6.2.  The predicted variation in 

strain with depth is presented in Figure 6.3.   Note that the predicted total settlement 

of the footing differs, depending on the in-situ test used.  In fact, the difference in the 

predictions is essentially an order of magnitude with the SPT based modulus 

predicting about 10 times more settlement than either the SASW or crosshole moduli.  

The total settlement predicted with the SASW moduli is about 50% greater than the 

settlement predicted with the crosshole-determined moduli.  However, both field 

seismic tests predict very small settlements which is in fact true.  Thee difference 

between these two seismic based predictions is attributed to the difference between 

the global (SASW) and localized (crosshole) measurements. 

The results of the settlement analyses conducted using Schmertmann’s 

method are presented in Tables 6.1,6.2, and 6.3.  The layers analyzed were selected 

from the strain distribution in Figure 6.1.  Note that the primary differences between 

the SPT input parameters and the SASW and crosshole input parameters are the 

elastic moduli estimated through a correlation in the SPT test (Table 6.1) and 

evaluated from the measured Vs values in the SASW (Table 6.2) and crosshole (Table 

6.3) tests.  These differences were expected given the nature of the test methods and 

the strain magnitude induced by each test.  These differences between the in-situ tests 

and their relative value to the engineer are explored in Chapter 7.   

 

between Young’s modulus (E) and the shear modulus (G) using an assumed Poisson’s 

ratio (ν) of 0.33.  Young’s Modulus can be calculated as: 
 

E 2 G⋅ 1 ν+( )⋅             (6.6) 
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Table 6.1: Schmertmann’s Method using SPT Test Data  

Layer # Thickness 
of Layer

Footing to 
Midpt of 
Layer

Elastic 
Modulus

Strain 
Influence 

Factor

Vertical 
Strain in 

each 
Layer

Total 
movement 
predicted

Top of 
Layer

Bottom of 
Layer (H) (z) N60 N1,60 Es Ι ε Ι εH/Es q-σzd

ft ft ft ft # blows/ft # blows/ft psf ft^3/lb psf ft in. % in.
0 0.00 0.83
1 0.83 1.50 0.67 0.33 15 29 280000 0.261 6.22E-07 2708 0.0017 0.0202 0.2525 0.3911
2 1.50 2.33 0.83 1.08 9 18 208000 0.623 2.48E-06 2708 0.0067 0.0808 0.8108 0.3709
3 2.33 4.00 1.67 2.33 9 18 208000 0.673 5.40E-06 2708 0.0146 0.1755 0.8760 0.2901
4 4.00 6.50 2.50 4.42 9 16 208000 0.290 3.49E-06 2708 0.0095 0.1134 0.3781 0.1146
5 6.50 6.83 0.33 5.83 16 24 292000 0.031 3.49E-08 2708 0.0001 0.0011 0.0286 0.0011

Total Settlement (ft, in)  = 0.0326 0.3911

SPT Obtained Values SPT Modulus Based Prediction

Compression of each 
layerDepth SPT

 

Table 6.2: Schmertmann’s Method using SASW Test Data  

Layer # Thickness 
of Layer

Footing to 
Midpt of 
Layer

Elastic 
Modulus

Strain 
influence

Vertical 
Strain in 

each 
Layer

Total 
movement 
predicted

Top of 
Layer

Bottom of 
Layer (H) (z) Vs G E Ι ε Ι εH/Es q-σzd

ft ft ft ft ft/s psf psf ft^3/lb psf ft in. % in.
0 0.00 0.83
1 0.83 1.00 0.17 0.08 320 349814 815066 0.140 2.87E-08 2708 0.0001 0.0009 0.0466 0.0437
2 1.00 2.33 1.33 0.83 420 602609 1404078 0.502 4.75E-07 2708 0.0013 0.0155 0.0968 0.0427
3 2.33 2.50 0.17 1.58 420 602609 1404078 0.810 9.81E-08 2708 0.0003 0.0032 0.1563 0.0273
4 2.50 6.83 4.33 3.83 540 996149 2321027 0.398 7.42E-07 2708 0.0020 0.0241 0.0464 0.0241

Total Settlement (ft, in)  = 0.0036 0.0437

Compression of each 
layer

SASW Obtained Values SASW Modulus Based Prediction

Depth SASW
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Table 6.3: Schmertmann’s Method using Crosshole Test Data  

Layer # Thkness of 
Layer

Footing to 
Midpt of 
Layer

Elastic 
Modulus

Strain 
influence

Vertical 
Strain in 

each 
Layer

mo
pr

Top of 
La

Total 
vement 
edicted

yer
Bottom of 

Layer (H) (z) Vs G E Ι ε Ι εH/Es q-σzd

ft ft ft ft ft/s psf psf ft^3/lb psf ft in. %
0 0.00 0.83
1 0.83 1.00 0.17 0.08 600 1229814 2865466 0.140 8.16E-09 2708 0.0000 0.0003 0.0133
2 1.00 2.33 1.33 0.83 600 1229814 2865466 0.502 2.33E-07 2708 0.0006 0.0076 0.0474
3 2.33 2.50 0.17 1.58 600 1229814 2865466 0.810 4.81E-08 2708 0.0001 0.0016 0.0766
4 2.50 6.83 4.33 3.83 600 1229814 2865466 0.398 6.01E-07 2708 0.0016 0.0195 0.0376

Total Settlement (ft, in)  = 0.0024 0.0289

Crosshole Test Obtained Values Crosshole Test Modulus Based Prediction

Depth SASW Compression of each 
layer

in.

0.0289
0.0287
0.0211
0.0195

 

Layer # Thkness of 
Layer

Footing to 
Midpt of 
Layer

Elastic 
Modulus

Strain 
influence

Vertical 
Strain in 

each 
Layer

mo
pr

Top of 
Layer

Bottom of 
Layer (H) (z) Vs G E Ι ε Ι εH/Es q-σzd

ft ft ft ft ft/s psf psf ft^3/lb psf ft in. %
0 0.00 0.83
1 0.83 1.00 0.17 0.08 420 602609 1404078 0.140 1.67E-08 2708 0.0000 0.0005 0.0271
2 1.00 2.33 1.33 0.83 460 722857 1684257 0.502 3.96E-07 2708 0.0011 0.0129 0.0807
3 2.33 2.50 0.17 1.58 500 854037 1989907 0.810 6.92E-08 2708 0.0002 0.0022 0.1103
4 2.50 6.83 4.33 3.83 560 1071304 2496139 0.398 6.90E-07 2708 0.0019 0.0224 0.0431

Total Settlement (ft, in)  = 0.0032 0.0381

Resonant Column Test Obtained Values Resonant Column Test Modulus Based Prediction

Depth SASW Compression of each 
layer

Total 
vement 
edicted

in.

0.0381
0.0375
0.0247
0.0224

 

Table 6.4: Schmertmann’s Method using Resonant Column Test Data  

 



0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

0.00 0.10 0.20 0.30 0.40 0.50

Settlement (in.) 

D
ep

th
 b

el
ow

 F
oo

tin
g,

 z
 (f

t)

Schmertmann's Method (SPT test data)
Schmertmann's Method (SASW test data)
Schmertmann's Method (Crosshole test data)
Schmertmann's Method (RC test data)

 

Figure 6.2:  Predicted Variation of Settlement with Depth Using Schmertmann’s 
Method 
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Figure 6.3:  Predicted Variation of Vertical Strain with Depth Using Schmertmann’s 
Method – (Expanded Scale) 
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6.3 BURLAND AND BURBIDGE’S SETTLEMENT METHOD  

Burland and Burbidge (1985) suggested the following empirical relationship 

for predicting the settlement of a footing underlain by sand as: 

 

S i
1.71q B0.7

⋅

N1.4
           (6.7) 

where: 
 Si = immediate settlement (mm), 
 q = bearing pressure (kPa), 
 B = footing width (m), and 
 N = SPT blow count uncorrected for overburden pressure. 
 

This empirical correlation was based on a statistical analysis of over 200 

settlement records of foundations on sands and gravels.  This relationship does not 

attempt to estimate the modulus of the soil or the relative influence of each layer on 

overall settlement.  The bearing pressure on the footing is 2800 psf (134 kPa).  The 

footing is 3 ft (0.914 m) in diameter (B).  An average SPT blow count (10 bpf) is used 

over the depth of influence suggested by Schmertmann (over 2B beneath the footing).  

Thus, the total settlement computed using Burland and Burbidge’s method is 0.34 in. 

(8.57 mm).   

6.4 SETTLEMENT ANALYSIS USING FINITE ELEMENT CODE 

Accurately estimating the in-situ material properties and modeling the 

nonlinear behavior of soil have always been limiting factors in the use of numerical 

models in geotechnical applications.  Most in-situ tests involve some measure of a 

strength parameter (SPT blow count or CPT tip resistance) and empirically relate it to 

the stiffness of the soil.  In this study, the shear wave velocity of the soil was 
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measured in-situ by field SASW, field crosshole, and laboratory resonant column 

tests.  A few undisturbed samples were also required to estimate the unit weight of the 

soil.  As noted earlier, the shear wave velocity can be directly related to the stiffness 

of the soil, which is the material property of interest in the calculation of settlements 

of a footing on granular soil.   

The Plaxis finite element software package was used to predict the settlement 

of the footing using a numerical method.  Plaxis was the finite element program 

selected because it was developed primarily for geotechnical applications and offers 

several constitutive models for soil behavior. 

6.4.1 SOIL BEHAVIOR MODEL 

The soil model selected in Plaxis was the Mohr-Coulomb model.  While this 

model is an elasto-plastic model and does not model softening of the soil after 

yielding, it can be used to deliver reasonable results at low (< 0.01%) to moderate (< 

0.1%) strain levels.  The use of a more complicated soil model requires additional 

parameters derived from additional laboratory testing.  Further, the value of using a 

more complicated, nonlinear model, such as the Duncan hyperbolic model, is 

questionable since it is designed to match the nonlinear behavior of soil at high strain 

levels (> 1%), rather than at small to moderate strains. 

The stiffness of the soil changes with changes in confining pressure and strain 

amplitude.  During loading of the footing, the confining pressure (expressed as the 

mean stress assuming a Ko of 1.5) increased from ~166 psf to ~2000 psf.  Since Gmax 

is nearly proportional to the square root of the isotropic confining pressure, the 

expected change in Gmax during loading, at a depth of 3 in. beneath the center of the 

footing, is increased by a factor of ~3.4.  At a strain amplitude of 0.1, the shear 
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modulus can be taken as ~0.3Gmax (Idriss, 1970; Darendeli, 2001).  This relationship 

was also shown by the laboratory resonant column tests (Figures 3.10 and 3.11) 

conducted during the site characterization study (Kurtulus, 2006).   

Near the base of the footing, the increase in Gmax due to an increase in 

confining pressure and the decrease in Gmax due to an increase in strain amplitude are 

approximately equal to the values discussed above. The shear modulus representative 

of the soil behavior should be increased by a factor of ~4 and then decreased by a 

factor of 0.3 which approximately equals the original value of shear modulus 

estimated in the field with SASW testing.   

At greater depths below the footing, the change in isotropic confining pressure 

and the increase in strain amplitude are smaller and thus the modulus of the soil 

changes very little.  So, the stress dependency and nonlinear effects of strain 

amplitude on shear modulus were considered to cancel each other out.  Thus, the 

stiffness of the soil was taken as the small-strain modulus measured by seismic 

testing. 

6.4.2 FINITE ELEMENT MODEL INPUT PARAMETERS 

In this study, a two-dimensional, axi-symmetrical, finite element mesh of 15-

node triangles was used to model the area of soil beneath the footing (see Figure 6.5).    

The boundary conditions imposed in the model included a rigid layer at a depth of 10 

ft below the ground surface and horizontal fixity at 10 ft from the central axis of the 

footing. The layered soil system, determined during in-situ testing, was modeled to a 

depth of 10 ft.  The results of the finite element simulation indicate no strain at the  

boundaries of the model, which indicates that the fixed boundaries had no impact on 

the strain induced at any point under the footing.   
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The concrete footing was modeled as a linear elastic material with E = 6 x 108 

psf (Vs = 4128 fps) and Poisson’s ratio = 0.15.  The Mohr-Coulomb soil model 

requires 4 parameters ( 2 elastic constants, the angle of internal friction (φ), and a 

cohesion value) to model the soil behavior. The properties assigned to each soil layer 

were derived from the in-situ tests performed on site or estimated from reasonable 

correlations based on the soil material.  The first elastic constant which was used for 

all layers in all analyses was the Poisson’s ratio, which was taken as 0.33.  The 

second elastic constant used was Young’s Modulus determined from the shear wave 

velocity of the material. Plaxis offers a feature in which the shear wave and 

compression wave velocities can be input directly to define the elastic parameters of 

the soil.  Plaxis automatically computes the Young’s modulus and Poisson’s ratio 

from these velocities. Based on correlations with SPT blow count of 18 bpf, each 

sand and silt layer was assigned an angle of internal friction, φ equal to 31 degrees.  

The cohesion of each layer was estimated as 1 psf.  

The finite element analysis was conducted once using the field data obtained 

from the SPT tests, once using the data obtained from the SASW testing, and once 

using the data obtained during crosshole tests, and again using the data obtained 

during resonant column tests.  The results of the settlement analyses conducted using 

the finite element method are presented in Tables 6.5 through 6.8.  The predicted 

movements were taken from points under the center of the footing.  The predicted 

variation in total settlement with depth is presented in Figures 6.8 and 6.9.  The 

predicted variation in strain with depth is presented in Figure 6.10 and 6.11.  

The figures below suggest several items which should be noted. First, the 

primary difference between the in-situ test methods is the estimation of stiffness.  The 
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layer breaks determined by each test are comparable and do not have a significant 

effect on the total settlement of the footing.  Second, at low values of strain 

amplitude, the shape of the strain distribution predicted by the finite element method 

does not agree with Schmertmann’s theoretical distribution of strain.  However, as the 

strain magnitude increases, the predicted variation of strain appears to be similar to 

Schmertmann’s theoretical strain distribution.  Third, the settlement predicted using 

the moduli estimated from the SPT tests (Equation 6.5) is much higher than the 

settlement estimated based on the SASW, crosshole, and laboratory resonant column 

testing.  Further, when using the SPT test data, the settlement predicted by the finite 

element method was higher than the settlement predicted by Schmertmann’s method.  

Each of these observations will be discussed further in Chapter 7 where the settlement 

prediction methods are compared to the settlement measured in the field. 
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Table 6.5: Results of the Finite Element Method Using SPT Test Data 

Layer # Thickness 
of Layer

Footing to 
Midpt of 
Layer

Elastic 
Modulus

Depth 
Below 

Footing

Vertical 
Strain

Top of 
Layer

Bottom of 
Layer (H) (z) N60 N1,60 E

ft ft ft ft # blows/ft # blows/ft psf ft ft in. (%)
0 0.00 0.83 0.0 0.0630 0.7560 0.7190
1 0.83 1.50 0.67 0.33 15 29 330000 0.5 0.0600 0.7200 0.8050
2 1.50 2.33 0.83 1.08 9 18 258000 1.0 0.0540 0.6480 1.2000
3 2.33 4.00 1.67 2.33 9 18 258000 1.5 0.0480 0.5760 1.2000
4 4.00 6.50 2.50 4.42 9 16 258000 2.5 0.0360 0.4320 2.0000
5 6.50 6.83 0.33 5.83 16 24 342000 4.0 0.0130 0.1560 0.8430

5.0 0.0055 0.0659 0.5760

Depth SPT

SPT Obtained Values F.E.M. Predictions
Total Movement of 
Point at Depth (i) 

Predicted

 

Table 6.6: Results of the Finite Element Method Using SASW Test Data 

Layer # Thkness of 
Layer

Footing to 
Midpt of 
Layer

Elastic 
Modulus

Depth 
Below 

Footing

Vertical 
Strain

Top of 
Layer

Bottom of 
Layer (H) (z) Vs G E

ft ft ft ft ft/s psf psf ft ft in. (%)
0 0.00 0.83 0.0 0.0016 0.0187 0.0341
1 0.83 1.00 0.17 0.08 320 349814 815066 0.5 0.0014 0.0171 0.0383
2 1.00 2.33 1.33 0.83 420 602609 1404078 1.0 0.0012 0.0144 0.0403
3 2.33 2.50 0.17 1.58 420 602609 1404078 1.5 0.0010 0.0118 0.0382
4 2.50 6.83 4.33 3.83 540 996149 2321027 2.5 0.0008 0.0090 0.0303

4.0 0.0003 0.0041 0.0002
5.0 0.0001 0.0016 0.0002

SASW Obtained Values

Depth SASW
Total Movement of 
Point at Depth (i) 

Predicted

F.E.M. Predictions
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Layer # Thkness of 
Layer

Footing to 
Midpt of 
La

 

Table 6.7: Results of the Finite Element Method Using Crosshole Test Data 

yer

Elastic 
Modulus

Depth 
Below 

Footing

Vertical 
Strain

Top of 
Layer

Bottom of 
Layer (H) (z) Vs G E

ft ft ft ft ft/s psf psf ft ft in. (%)
0 0.00 0.83 0.0 0.0011 0.0129 0.0168
1 0.83 1.00 0.17 0.08 600 1229814 2865466 0.5 0.0010 0.0117 0.0187
2 1.00 2.33 1.33 0.83 600 1229814 2865466 1.0 0.0009 0.0109 0.0197
3 2.33 2.50 0.17 1.58 600 1229814 2865466 1.5 0.0008 0.0096 0.0192
4 2.50 1488075 0073 0.0217

0034 0.0198
0015 0.0157

Crosshole Obtained Values F.E.M. Predictions

Depth SASW
Total Movement of 
Point at Depth (i) 

Predicted

6.83 4.33 3.83 660 3467214 2.5 0.0006 0.
4.0 0.0003 0.
5.0 0.0001 0.  

Table 6.8: Results of the Finite Element Method Using Resonant Column Test Data 

Layer # Thkness of 
Layer

Footing to 
Midpt of 
Layer

Elastic 
Modulus

Depth 
Below 

Footing

Vertical 
Strain

Top of 
Layer

Bottom of 
Layer (H) (z) Vs G E

ft ft ft ft ft/s psf psf ft ft in. (%)
0 0.00 0.83 0.0 0.0019 0.0229 0.0058
1 0.83 1.00 0.17 0.08 420 602609 1404078 0.5 0.0017 0.0201 0.0657
2 1.00 2.33 1.33 0.83 420 602609 1404078 1.0 0.0013 0.0156 0.0700
3 2.33 2.50 0.17 1.58 420 602609 1404078 1.5 0.0009 0.0110 0.0651
4 2.50 6.83 4.33 3.83 420 602609 1404078 2.5 0.0007 0.0084 0.0233

4.0 0.0003 0.0041 0.0219
5.0 0.0001 0.0018 0.0188

Resonant Column Obtained Values F.E.M. Predictions

Depth SASW
Total Movement of 
Point at Depth (i) 

Predicted

 

 



 

Load = 2800psf

Concrete Footing 

Silt Layer #3 
N60 = 9 

Silt Layer #2 
N60 = 9 

Sand Layer #1 
N60 = 15 

Silt Layer #4 
N60 = 16 

Original finite 
element mesh in 
shadows 

Maximum Displacement at 
Surface of Footing 

Figure 6.4:  Deformed Finite Element Mesh Constructed from the SPT Test Data 
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Load = 2800psf

Concrete Footing 

Silt Layer #3 
Vs = 540 ft/s 

Silt Layer #2 
Vs = 420 ft/s 

Sand Layer #1 
Vs = 320 ft/s 

Silt Layer #4 
Vs = 660 ft/s 

Original finite 
element mesh in 
shadows 

Maximum Displacement 
at Surface of Footing 

Figure 6.5:  Deformed Finite Element Mesh Constructed from the SASW Test Data 
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Load = 2800psf

Concrete Footing 

Silt Layer #3 
Vs = 600 ft/s 

Silt Layer #2 
Vs = 600 ft/s 

Sand Layer #1 
Vs = 600 ft/s 

Silt Layer #4 
Vs = 660 ft/s 

Original finite 
element mesh in 
shadows 

Maximum Displacement at 
Surface of Footing 

Figure 6.6:  Deformed Finite Element Mesh Constructed from the Crosshole Test Data 
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Load = 2800psf 

Concrete Footing 

Silt Layer #3 
Vs = 500 ft/s 

Silt Layer #2 
Vs = 460 ft/s 

Sand Layer #1 
Vs = 420 ft/s 

Silt Layer #4 
Vs = 540 ft/s 

Original finite 
element mesh in 
shadows 

Maximum Displacement at 
Surface of Footing 

Figure 6.7: Deformed Finite Element Mesh Constructed from the Resonant Column Test Data 
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Figure 6.8:  Finite Element Method- Predicted Variation of Settlement with Depth 
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Figure 6.9:  Finite Element Method- Predicted Variation of Settlement with Depth 
(Expanded Scale) 
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Figure 6.10:  Finite Element Method- Predicted Variation of Strain with Depth 
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Figure 6.11:  Finite Element Method- Predicted Variation of Strain with Depth 
(Expanded Scale) 
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6.5 SUMMARY 

The settlement of the 3-ft diameter footing under a load of 20,000 lb was 

predicted using three different analytical techniques.  The source information used in 

the analytical  techniques came from three different field characterization studies, 

SPT testing and SASW testing, conducted prior to construction of the footing, and 

crosshole testing after footing construction.  In the laboratory, resonant column 

testing conducted on undisturbed samples was used to generate a fourth estimate of 

the site shear wave velocity profile.  The settlement predictions based on dynamic 

moduli determined from field seismic testing consistently predict total settlements of 

an order of magnitude less than predictions based on an SPT-modulus correlation.  

The layered structure of the site determined by both characterization methods was 

effectively the same. The principal difference between the site characterization results 

is the estimation of the stiffness of each layer.  In Chapter 7, the predictions of all 

studies are compared to measured settlements in the field. 
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CHAPTER 7 

COMPARISON OF PREDICTED AND MEASURED 
SETTLEMENTS 

 

7.1 INTRODUCTION 

In this chapter, the settlements measured in the field are compared to 

predicted settlements of the soil beneath the footing under a load of 20,000 lb.  First, 

the total settlement of the footing is compared to the predicted total settlements by the 

methods outlined in Chapter 6.  Second, the predicted settlements at each depth 

beneath the footing are compared to the measured field data from each depth.  Third, 

the calculated strain distribution with depth is compared to the predicted strain 

distribution. Finally, the total settlement is compared to a simplified prediction 

method based on the SASW results. 

 

7.2 TOTAL SETTLEMENT OF THE CENTER OF THE FOOTING  

In Chapter 6, the total settlement caused by a vertical static load of 20,000 lb 

on the footing located at the Capitol Aggregates field site was predicted by various 

methods.  A summary of the results from the various prediction models and the 

average settlement measured in the field are presented in Table 7.1.  The measured 

settlement was smaller than all predicted settlements.  Given the very small 

movement of the footing (~0.016 in.), predicted settlements within a factor of three 

times measured settlements were considered very good.  Settlement predictions based 

on the SPT test data were consistently more than an order of magnitude larger than 
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the measured settlements in the field.  Settlement predictions based on SASW, 

crosshole of resonant column test data were all within a factor of three of the 

measured settlements.  Note that both Schmertmann’s method and the finite element 

analysis gave good predictions when the soil stiffness was accurately characterized  

The prediction using the SASW data and the finite element analysis differed from the 

measured field settlements by only 17%.  These limited results suggest that the most 

accurate method of predicting the total settlements of a shallow footing on this sandy 

silt is to conduct field seismic testing and analyze the settlement with a finite element 

code.  It is only prudent to incorporate non-linear soil behavior.  However, for these 

tests, the very small movements resulted in non-linearity having a minor impact on 

the predictions.  As outlined in Chapter 6, it is likely that the decrease in modulus due 

to nonlinearity was compensated for by the increase in modulus due to the increase in 

confining pressure. 

 

Table 7.1:  Summary of Total-Settlement Predictions for the Center of a 3-ft 
Diameter Footing Under a Static Load of 20,000 lb.  

Analysis Technique
Burland & 
Burbidge 
Method

Measured 
Settlement

Test Data SPT SPT SASW Crosshole 
Testing 

Resonant 
Column SPT SASW Crosshole 

Testing 
Resonant 
Column

Total Settlement (in.) 0.340 0.391 0.044 0.029 0.038 0.756 0.019 0.013 0.023 0.016
Predicted/Measured 21 24 2.7 1.81 2.38 47 1.17 0.81 1.43 1.00

Schmertmann's Method Finite Element Method

 

7.3 SETTLEMENTS OF THE FOOTING AND THE SOIL MASS  

In Figure 7.1, measured and predicted settlements at each depth below the 

footing are plotted.  The predictions based on the SPT test data consistently 

overestimate the settlement at any given point beneath the footing.  In practice, 
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settlement predictions based on SPT blow count or SPT-modulus correlations have 

historically over-predicted settlements in sand (Gibbens and Briaud, 1994).  So, it 

was not surprising to find this phenomenon again during this study.  The likely cause 

of this overprediction is the method in which the soil strength is empirically 

correlated to the stiffness of the soil.  During an SPT test, the soil in the immediate 

vicinity of the split-spoon sampler undergoes very large strains.  This strain level is 

unrelated to the strain level beneath a footing under “working loads.”  The result is 

that the modulus of the soil is underestimated. 
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Figure 7.1:  Comparison of Measured and Predicted Settlements, Based on Dynamic 
Moduli Measured in the Field and the Laboratory, Beneath the Footing 
Under a Static Load of 20,000 lb. 

The results in Figure 7.1 also suggest that the settlement predictions based on 

SASW, crosshole, and resonant column tests, are in close agreement with the field 

measurements, throughout the depth of influence.  To further evaluate and compare 
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this phenomenon, the settlement predictions based on SASW, crosshole, and resonant 

column data are plotted with the measured settlements in Figure 7.2.  In this figure, 

the shape of the settlement distribution predicted by Schmertmann’s method is similar 

to the measured field data.  The cause of this similarity is assumed to be that the strain 

distribution predicted by Schmertmann is a good representation of the actual strain 

distribution.  His strain distribution is the primary mechanism by which non-linear 

behavior is introduced into the settlement analysis.   
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Figure 7.2:  Comparison of Measured and Predicted Settlements, Based on Dynamic 
Moduli Measured in the Field and the Laboratory, Beneath the Footing 
Under a Static Load of 20,000 lb. (expanded scale) 

By contrast, the finite element model (FEM) used in this study is an elasto-

plastic (Mohr-Coulomb) soil model.  It does not model the change in stiffness due to 

increasing confining pressure or strain amplitude.  Since these effects largely 

compensate for one another, the total settlements can still be estimated with an elasto-
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plastic model.  However, the shape of the settlement distribution in the FEM with 

depth does not incorporate the basic mechanism that is occurring in the field.  It is 

possible that a more advanced soil model could be used to model the strain softening 

of the soil beneath the footing, but that analysis would require additional parameters 

beyond the scope of this study.  Further, current models of strain softening are 

focused on matching the soil behavior at strains closer to failure, rather than 

“working” strains.   

The results of this study suggest that the settlement at depth below a footing 

on a sandy silt can be estimated using SASW, crosshole, or resonant column test 

results.  The analytical technique selected seems to be less important than accurately 

estimating the modulus of the soil.  Settlement predictions using either 

Schmertmann’s method or a finite element code will give reasonable results, within a 

factor of three to four times the measured settlement using Schmertmann’s method 

and less than two times if seismically measured field moduli or dynamically 

measured laboratory moduli (with high-quality intact specimens) are used in a finite 

element code. 

7.4 STRAIN DISTRIBUTION WITH DEPTH 

The calculated and predicted distributions of strain are presented in Figure 

7.3. The results show that both predictions based on the SPT test data overestimate 

the strain calculated from the field measurements by an order of magnitude.  This 

overestimation in strain is caused mainly by errors in the estimation of the stiffness of 

the soil. However, the strain calculated from field measurements appears to closely 

follow the predictions based on SASW, crosshole, and resonant column tests.   

 99



0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0.00 0.50 1.00 1.50 2.00 2.50
Vertical Strain (%) 

D
ep

th
 b

el
ow

 b
as

e 
of

 F
oo

tin
g,

 z
 (f

t)

Schmertmann's Method (SPT test data)
Schmertmann's Method (SASW test data)
Schmertmann's Method (Crosshole test data)
Schmertmann's Method (RC test data)
Finite Element Method (SPT test data)
Finite Element Method (SASW test data)
Finite Element Method (Crosshole test data)
Finite Element Method (RC test data)
Average Field Measurements

 

Figure 7.3:  Comparison of Calculated and Predicted Strains Beneath the Footing 
Under a Static Load of 20,000 lb. 
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Figure 7.4:  Comparison of Calculated and Predicted Strain Beneath the Footing 
Under a Static Load of 20,000 lb (Expanded Scale) 
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Figure 7.4 presents the calculated strains from field measurements and the 

predicted strains based on SASW, crosshole, and resonant column tests at an enlarged 

scale so it is easier to see the differences.  The difference between the elasto-plastic 

finite element model and Schmertmann’s method are clear in Figure 7.4.  

Schmertmann’s method consistently predicts stains along the controlled distribution 

in which the peak strain occurs at B/2 and the strain at 2B is zero.  On the other hand, 

the stains predicted by the finite element program are a function of the stiffness of 

each layer with no controlling strain distribution.   

The strains predicted with the finite element model are below the measured 

strains at depths of 0.5 to 1.5 ft.  It is difficult to ascertain the reason for this 

difference.  However, given the extremely small measured settlements, it is difficult 

to conclude much about the distribution of strain beneath the footing.  The data do 

suggest, however, that Schmertmann’s strain distribution is indeed correct at this very 

low strain range.  

7.5 SETTLEMENT PREDICTIONS WITH OTHER DYNAMIC MODULI 

For all methods of dynamic testing (SASW, crosshole, downhole, resonant 

column tests), the range of the measured shear wave velocity in the zone of influence 

under the footing was 420-600 ft/s.  The resonant column tests in the lab measured 

shear wave velocities at the low end of this range.  The crosshole tests gave velocities 

at the high end of this range.   

Another possible method to characterize the soil in the field comes from the 

field dispersion curve generated during SASW testing.  The field dispersion curve is a 

plot of measured Rayleigh wave velocities at various frequencies.  Rayleigh waves 

are influenced by the relative stiffness of the soil layers.  The shape of the Rayleigh 

 101



wave closely mimics the strain distribution proposed by Schmertmann.  So, the 

Rayleigh wave velocity at a frequency equal to the depth of influence (2B) may be a 

good estimation of the material stiffness for settlement predictions.  The shear wave 

velocity can be computed from the Rayleigh wave velocity by: 

 

Vs = 1.1*VR            (7.1) 

where:   Vs = shear wave velocity and 

VR = Rayleigh wave velocity (Richart, Hall and Woods, 197?) 

 

For example, in this study, the field dispersion curve is shown in Figure 3.5.  The 

Rayleigh wave velocity at a wavelength of 6 ft (2B) is approximately 450 ft/s.  Thus 

the shear wave velocity of this material is estimated at 495 ft/s.  This value is in the 

middle of the range of shear wave velocities determined by other dynamic tests.  

Thus, settlement predictions based on this estimate will yield similar results. 

Use of any of these values to estimate the total settlement of the footing gave 

a good prediction of the settlement.  Thus, it should be recognized that shear wave 

velocity measurements accurately characterize the stiffness of the soil and can be 

used to estimate settlements of foundations. 

7.6 SUMMARY 

In this chapter, measured settlements at the center of the footing, gathered in 

the field, are compared to predicted settlements.  It is found that the field seismic and 

laboratory dynamic test data can be used to accurately estimate the settlement of a 

footing on a nonplastic sandy silt.  When compared to settlement predictions based on 

SPT test data, the predictions based on the SASW, crosshole, or resonant column tests 
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more closely match the measured settlement in the field.  The data from this study 

suggests that Schmertmann’s strain distribution accurately reflects the behavior of 

this sandy silt at very low strain ranges.  
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CHAPTER 8 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

 

8.1 SUMMARY 

The goal of this study was to investigate how well measured soil stiffnesses 

determined by field and laboratory dynamic tests with intact specimens predict the 

settlement of shallow footings on granular materials.  The stiffness, or modulus, of 

the soil was estimated based on SPT tests, field seismic tests(SASW and crosshole 

tests), and dynamic laboratory tests (torsional resonant column tests).  The moduli 

from these tests were then used in two different settlement analysis techniques, 

Schmertmann’s method and a finite element analysis, to predict the settlement of the 

footing surface and the soil mass beneath it.  A series of field load tests were 

performed and settlements were measured at the top of a footing and at depth beneath 

it.  These field measurements were compared to the predicted values.  The results 

indicate that seismic field and dynamic laboratory tests can be effectively used to 

conduct a site investigation for the purposes of predicting the settlement potential of 

shallow footings on this nonplastic sandy silt.   

8.2 CONCLUSIONS 

1. The in-situ stiffness of the soil system is more accurately represented by 

moduli determined from seismic tests such as SASW, crosshole and laboratory 

resonant column tests than estimated by SPT based correlations. 

2. The total settlement under working loads (strain < 0.1%) of a shallow 

footing on cohesionless material can be accurately predicted using field seismic 
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testing to characterize the site.  Both methods of settlement analysis (Schmertmann’s 

method and the finite element method) yielded reasonable results when applying the 

stiffnesses and layer structure derived from field seismic tests. 

3. The distribution of settlement beneath the center of the footing closely 

followed the shape predicted by Schmertmann’s semi-empirical technique.   

4. The instrumentation technique used to measure settlements beneath the 

foundation worked well and could be used in future studies. 

5. The magnitude of the strains generated beneath the footing can be estimated 

using Schmertmann’s analysis and field seismic derived moduli. 

6. The settlement of a footing on cohesionless soil can be quickly estimated 

from the field dispersion curve obtained during SASW testing.  At a wavelength 

equal to 2B, the shear wave velocity can be used to roughly estimate the stiffness of 

the soil to a depth of 2B.  Settlement predictions based on this stiffness were shown to 

be accurate within a factor of three  

8.3 RECOMMENDATIONS 

1. The Capitol Aggregates field site should be characterized by a cone 

penetrometer test.  Many modulus correlations are based on cone-tip resistance.  It 

will be valuable to compare these estimates of modulus and the settlement predictions 

based on them to the data in this study. 

2. In the future, any footing should also be tested to failure.  This process will 

show the non-linear behavior of the soil during failure.  As was done thus far, the 

settlements at higher and higher loads can be predicted and compared to the measured 

settlements.   
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3. The strain distribution with depth below the center of the footing requires 

further study.  Schmertmann’s strain influence curve appears to be accurate, but the 

physics behind this behavior are still yet unknown.  Several factors may have an 

impact on the stain distribution including the stress dependency of the modulus, stress 

history, soil type, effective stress, etc. 

4. The zone of influence in this study was only approximately 6 ft below the 

surface.  To verify the ability of field seismic testing to predict the modulus at deeper 

depths, a series of plate load tests could be conducted at various deeper depths. 

5. Theoretically, these site characterization techniques can also be used in 

saturated sands and clays.  The settlement prediction technique is more complex 

when the effects of consolidation are considered, but the estimate of stiffness based 

on shear wave velocity should still be a valid method.  A similar study to the study 

presented here, will yield insight to the application of the seismic wave testing in 

saturated soils. 

6. This study was limited to one foundation on one site.  Additional studies of 

other cohesionless soils with different sized footings are recommended.   

 106



APPENDIX A 

FIELD MEASUREMENTS 

 

INTRODUCTION 

In this appendix, the field test data recorded during tests on 11 Nov 05 is 

presented in three sections.   

SECTION 1 

The data is presented in tabular form.  The time, applied load, and settlement 

of each measured point are given.  There were over 8000 data points recorded during 

each test.  The tables consist of the average values of load and settlement every 2.5 

seconds. 

SECTION 2 

The load-settlement curves for each individual test are presented. Thus, the 

relative settlement of each point beneath the footing during a single test can be 

observed.  A total of two plots for each test are presented.  The first plot shows the 

settlement measurements near the center of the footing.  The second plot shows the 

settlements measured near the perimeter of the footing. 

SECTION 3 

The load-settlement curves at each depth, for each series of tests, are 

presented.  Thus, the behavior of a single point beneath the footing can be observed 

over a series of tests. This is a total of 10 plots for each series of tests.  Each plot 

shows the behavior of the one telltale for a series of tests. 
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Table A.1:  Tabulated Results from 11 Nov 2005, Field Load Test #1  
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Table A.1:  Tabulated Results from 11 Nov 2005, Field Load Test #3 (continued) 
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Table A.2:  Tabulated Results from 11 Nov 2005, Field Load Test #2  
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Table A.2:  Tabulated Results from 11 Nov 2005, Field Load Test #2 (continued) 
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Table A.3:  Tabulated Results from 11 Nov 2005, Field Load Test #3  
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Table A.3:  Tabulated Results from 11 Nov 2005, Field Load Test #3 (continued) 
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Table A.4:  Tabulated Results from 11 Nov 2005, Field Load Test #4  

 

 115



Table A.4:  Tabulated Results from 11 Nov 2005, Field Load Test #4 (continued) 
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Table A.5:  Tabulated Results from 11 Nov 2005, Field Load Test #5  
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Table A.5:  Tabulated Results from 11 Nov 2005, Field Load Test #5 (continued) 
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Table A.6:  Tabulated Results from 11 Nov 2005, Field Load Test #6  
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Table A.6:  Tabulated Results from 11 Nov 2005, Field Load Test #6 (continued) 
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Table A.7:  Tabulated Results from 11 Nov 2005, Field Load Test #7  
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Table A.7:  Tabulated Results from 11 Nov 2005, Field Load Test #7 (continued) 
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Table A.8:  Tabulated Results from 11 Nov 2005, Field Load Test #8  
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Table A.8:  Tabulated Results from 11 Nov 2005, Field Load Test #8 (continued) 
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Table A.9:  Tabulated Results from 11 Nov 2005, Field Load Test #9  
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Table A.9:  Tabulated Results from 11 Nov 2005, Field Load Test #9 (continued) 
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Table A.10:  Tabulated Results from 11 Nov 2005, Field Load Test #10  
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Table A.10:  Tabulated Results from 11 Nov 2005, Field Load Test #10 (continued) 
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Table A.11:  Tabulated Results from 11 Nov 2005, Field Load Test #11  
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Table A.11:  Tabulated Results from 11 Nov 2005, Field Load Test #11 (continued) 
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Table A.12:  Tabulated Results from 11 Nov 2005, Field Load Test #12  

 

 131



Table A.12:  Tabulated Results from 11 Nov 2005, Field Load Test #12 (continued) 
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Table A.13:  Tabulated Results from 11 Nov 2005, Field Load Test #13  
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Table A.13:  Tabulated Results from 11 Nov 2005, Field Load Test #13 (continued) 
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Table A.14:  Tabulated Results from 11 Nov 2005, Field Load Test #14  
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Table A.14:  Tabulated Results from 11 Nov 2005, Field Load Test #14 (continued) 
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Table A.15:  Tabulated Results from 11 Nov 2005, Field Load Test #15  
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Table A.15:  Tabulated Results from 11 Nov 2005, Field Load Test #15 (continued) 
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Figure A.1.1:  Settlement Measurements of the Surface and the Telltales Beneath the 
Center of the Footing for 11 Nov 05, Field Load Test #1 
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Figure A.1.2:  Settlement Measurements of the Surface and the Telltales Beneath the 
Perimeter of the Footing for 11 Nov 05, Field Load Test #1 
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Figure A.2.1:  Settlement Measurements of the Surface and the Telltales Beneath the 
Center of the Footing for 11 Nov 05, Field Load Test #2 
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Figure A.2.2:  Settlement Measurements of the Surface and the Telltales Beneath the 
Perimeter of the Footing for 11 Nov 05, Field Load Test #2 
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Figure A.3.1:  Settlement Measurements of the Surface and the Telltales Beneath the 
Center of the Footing for 11 Nov 05, Field Load Test #3 
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Figure A.3.2:  Settlement Measurements of the Surface and the Telltales Beneath the 
Perimeter of the Footing for 11 Nov 05, Field Load Test #3 
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Figure A.4.1:  Settlement Measurements of the Surface and the Telltales Beneath the 
Center of the Footing for 11 Nov 05, Field Load Test #4 
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Figure A.4.2:  Settlement Measurements of the Surface and the Telltales Beneath the 
Perimeter of the Footing for 11 Nov 05, Field Load Test #4 
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Figure A.5.1:  Settlement Measurements of the Surface and the Telltales Beneath the 
Center of the Footing for 11 Nov 05, Field Load Test #5 
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Figure A.5.2:  Settlement Measurements of the Surface and the Telltales Beneath the 
Perimeter of the Footing for 11 Nov 05, Field Load Test #5 
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Figure A.6.1:  Settlement Measurements of the Surface and the Telltales Beneath the 
Center of the Footing for 11 Nov 05, Field Load Test #6 

-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

0 5000 10000 15000 20000 25000

Load (lb)

Se
ttl

em
en

t (
in

.)

LP1 (surf) O
LP9 (6") O
LP3 (12") O
LP4 (18") O
LP2 (30") O

 

Figure A.6.2:  Settlement Measurements of the Surface and the Telltales Beneath the 
Perimeter of the Footing for 11 Nov 05, Field Load Test #6 
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Figure A.7.1:  Settlement Measurements of the Surface and the Telltales Beneath the 
Center of the Footing for 11 Nov 05, Field Load Test #7 
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Figure A.7.2:  Settlement Measurements of the Surface and the Telltales Beneath the 
Perimeter of the Footing for 11 Nov 05, Field Load Test #7 
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Figure A.8.1:  Settlement Measurements of the Surface and the Telltales Beneath the 
Center of the Footing for 11 Nov 05, Field Load Test #8 
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Figure A.8.2:  Settlement Measurements of the Surface and the Telltales Beneath the 
Perimeter of the Footing for 11 Nov 05, Field Load Test #8 
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Figure A.9.1:  Settlement Measurements of the Surface and the Telltales Beneath the 
Center of the Footing for 11 Nov 05, Field Load Test #9 
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Figure A.9.2:  Settlement Measurements of the Surface and the Telltales Beneath the 
Perimeter of the Footing for 11 Nov 05, Field Load Test #9 
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Figure A.10.1: Settlement Measurements of the Surface and the Telltales Beneath the 
Center of the Footing for 11 Nov 05, Field Load Test #10 
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Figure A.10.2: Settlement Measurements of the Surface and the Telltales Beneath the 
Perimeter of the Footing for 11 Nov 05, Field Load Test #10 
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Figure A.11.1: Settlement Measurements of the Surface and the Telltales Beneath the 
Center of the Footing for 11 Nov 05, Field Load Test #11 
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Figure A.11.2: Settlement Measurements of the Surface and the Telltales Beneath the 
Perimeter of the Footing for 11 Nov 05, Field Load Test #11 

 150



-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

0 5000 10000 15000 20000 25000

Load (lb)

Se
ttl

em
en

t (
in

.)

LP7 (surf) I
LP6 (6") I
LP8 (12") I
LP10 (18") I
LP12 (30") I

 

Figure A.12.1: Settlement Measurements of the Surface and the Telltales Beneath the 
Center of the Footing for 11 Nov 05, Field Load Test #12 
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Figure A.12.2: Settlement Measurements of the Surface and the Telltales Beneath the 
Perimeter of the Footing for 11 Nov 05, Field Load Test #12 
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Figure A.13.1: Settlement Measurements of the Surface and the Telltales Beneath the 
Center of the Footing for 11 Nov 05, Field Load Test #13 
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Figure A.13.2: Settlement Measurements of the Surface and the Telltales Beneath the 
Perimeter of the Footing for 11 Nov 05, Field Load Test #13 
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Figure A.14.1: Settlement Measurements of the Surface and the Telltales Beneath the 
Center of the Footing for 11 Nov 05, Field Load Test #14 
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Figure A.14.2: Settlement Measurements of the Surface and the Telltales Beneath the 
Perimeter of the Footing for 11 Nov 05, Field Load Test #14 
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Figure A.15.1: Settlement Measurements of the Surface and the Telltales Beneath the 
Center of the Footing for 11 Nov 05, Field Load Test #15 
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Figure A.15.2: Settlement Measurements of the Surface and the Telltales Beneath the 
Perimeter of the Footing for 11 Nov 05, Field Load Test #15 
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Figure A.16:  Measured Settlements at the Center of the Surface of the Footing for 
Tests #1-5 on 11 Nov 05 
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Figure A.17:  Measured Settlements at 6 in. Beneath the Center of the Footing for 
Tests #1-5 on 11 Nov 05 
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Figure A.18:  Measured Settlements at 12 in. Beneath the Center of the Footing for 
Tests #1-5 on 11 Nov 05 
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Figure A.19:  Measured Settlements at 18 in. Beneath the Center of the Footing for 
Tests #1-5 on 11 Nov 05 
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Figure A.20:  Measured Settlements at 30 in. Beneath the Center of the Footing for 
Tests #1-5 on 11 Nov 05 
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Figure A.21:  Measured Settlements at the Perimeter of the Surface of the Footing 
for Tests #1-5 on 11 Nov 05 
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Figure A.22:  Measured Settlements at 6 in. Beneath the Perimeter of the Footing for 
Tests #1-5 on 11 Nov 05 
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Figure A.23:  Measured Settlements at 12 in. Beneath the Perimeter of the Footing 
for Tests #1-5 on 11 Nov 05 
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Figure A.24:  Measured Settlements at 18 in. Beneath the Perimeter of the Footing 
for Tests #1-5 on 11 Nov 05 
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Figure A.25:  Measured Settlements at 30 in. Beneath the Perimeter of the Footing 
for Tests #1-5 on 11 Nov 05 
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Figure A.26:  Measured Settlements at the Center of the Surface of the Footing for 
Tests #6-10 on 11 Nov 05 
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Figure A.27:  Measured Settlements at 6 in. Beneath the Center of the Footing for 
Tests #6-10 on 11 Nov 05 
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Figure A.28:  Measured Settlements at 12 in. Beneath the Center of the Footing for 
Tests #6-10 on 11 Nov 05 
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Figure A.29:  Measured Settlements at 18 in. Beneath the Center of the Footing for 
Tests #6-10 on 11 Nov 05 
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Figure A.30:  Measured Settlements at 30 in. Beneath the Center of the Footing for 
Tests #6-10 on 11 Nov 05 
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Figure A.31:  Measured Settlements at the Perimeter of the Surface of the Footing 
for Tests #6-10 on 11 Nov 05 
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Figure A.32:  Measured Settlements at 6 in. Beneath the Perimeter of the Footing for 
Tests #6-10 on 11 Nov 05 
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Figure A.33:  Measured Settlements at 12 in. Beneath the Perimeter of the Footing 
for Tests #6-10 on 11 Nov 05 
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Figure A.34:  Measured Settlements at 18 in. Beneath the Perimeter of the Footing 
for Tests #6-10 on 11 Nov 05 
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Figure A.35:  Measured Settlements at 30 in. Beneath the Perimeter of the Footing 
for Tests #6-10 on 11 Nov 05 
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Figure A.36:  Measured Settlements at the Center of the Surface of the Footing for 
Tests #11-15 on 11 Nov 05 
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Figure A.37:  Measured Settlements at 6 in. Beneath the Center of the Footing for 
Tests #11-15 on 11 Nov 05 
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Figure A.38:  Measured Settlements at 12 in. Beneath the Center of the Footing for 
Tests #11-15 on 11 Nov 05 
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Figure A.39:  Measured Settlements at 18 in. Beneath the Center of the Footing for 
Tests #11-15 on 11 Nov 05 
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Figure A.40:  Measured Settlements at 30 in. Beneath the Center of the Footing for 
Tests #11-15 on 11 Nov 05 
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Figure A.41:  Measured Settlements at the Perimeter of the Surface of the Footing 
for Tests #11-15 on 11 Nov 05 

 168



-0.025

-0.020

-0.015

-0.010

-0.005

0.000

0.005

0 5000 10000 15000 20000 25000

Load (lb)

Se
ttl

em
en

t (
in

.)

11

12

13

14

15

Test #

 

Figure A.42:  Measured Settlements at 6 in. Beneath the Perimeter of the Footing for 
Tests #11-15 on 11 Nov 05 
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Figure A.43:  Measured Settlements at 12 in. Beneath the Perimeter of the Footing 
for Tests #11-15 on 11 Nov 05 
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Figure A.44:  Measured Settlements at 18 in. Beneath the Perimeter of the Footing 
for Tests #11-15 on 11 Nov 05 
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Figure A.45:  Measured Settlements at 30 in. Beneath the Perimeter of the Footing 
for Tests #11-15 on 11 Nov 05 
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APPENDIX B 

INSTRUMENT CALIBRATION DATA 

INTRODUCTION 

In this appendix, the calibration data is given for the load cell and linear potentiometers 

used in this study. 

SECTION 1- LOAD CELL 

The calibration factor for the 50-kip load cell used in this study is given.  Additionally, 

the warranty information provided by the manufacturer is presented. 

SECTION 2- LINEAR POTENTIOMETERS 

Each Linear Potentiometer was calibrated twice, once before testing and once after 

testing.  The data presented is from the calibration tests done after testing.  Several linear 

potentiometers were damaged during the course of this project. The calibration data for those 

linear pots (i.e. linear pots #3 and #4) is not given since the data from those linear pots was not 

used.   

Each linear potentiometer was calibrated with the VXI multi-channel analyzer and the 

power source used in the field.  Further, one channel on the VXI was designated for each linear 

potentiometer.  The linear pot was calibrated and used in the field on the same channel. 

First, the results of each calibration test are presented graphically for each linear 

potentiometer.  Then, the data gather during calibration is presented in tabular form. 
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Linear Pot Calibration (LP #1)
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Linear Pot Calibration (LP #2)

y = -49.762x + 89.36
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Linear Pot Calibration (LP #6)

y = -46.402x + 70.523
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Linear Pot Calibration (LP #7)

y = -49.388x + 90.273
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Linear Pot Calibration (LP #8)

y = -49.381x + 89.597
R2 = 1
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Linear Pot Calibration (LP #9)

y = -50.047x + 89.254
R2 = 0.9999
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Linear Pot Calibration (LP #10)

y = -49.69x + 90.137
R2 = 1
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Linear Pot Calibration (LP #12)

y = -49.463x + 89.106
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SUMMARY REPORT  
Site Characterization of Capital Aggregates Test Site 

by 
Asli Kurtulus, M.S., Graduate Research Assistant 

Jung Jae Lee, M.S., Graduate Research Assistant 
Kenneth H. Stokoe, II, Ph.D., P.E., Jennie C. and Milton T. Graves Chair in Engineering 

University of Texas at Austin 

Introduction 
This report summarizes the results of a site characterization study for the Capitol 

Aggregates test site. Capitol Aggregates is a local quarry located in the south of Austin.  A 50 ft 
by 50 ft natural soil area was selected as a test site for this pre-NEESR project.  The location of 
the site relative to the location of The University of Texas at Austin is illustrated in Figure 1.  
Figure 2, shows a picture from the test site.  A plan view of the test site is shown in Figure 3.  

Two, Standard Penetration Test (SPT) boreholes (each 36 ft deep) and two 3-in. O.D. 
Shelby-tube sampling boreholes (14.5 ft and 9.5 ft deep) were drilled at the site to characterize 
the soil profile.  The locations of these boreholes are shown in Figure 3.  Disturbed and 
undisturbed samples were collected from the boreholes and were tested in the laboratory at The 
University of Texas at Austin.  Information about the soil classification, fines content, water 
content, unit weight, degree of saturation and void ratio were obtained from the laboratory tests.  
A consolidated undrained triaxial test and two combined resonant column and torsional shear 
(RCTS) tests were conducted on undisturbed specimens.  These tests were used to evaluate the 
strength and nonlinear properties, respectively, of the soil at the site. Additionally, Spectral-
Analysis-of-Surface-Waves (SASW) tests were performed at the test site to obtain shear wave 
velocity profiles in the field.  All resulting information is discussed below.  

Standard Penetration Tests 

SPT profiling was conducted in two boreholes situated in the vicinity of the selected test 
area on December 14, 2004.  The locations of these boreholes (D1 and D2) are shown in Figure 
3.  The boreholes were drilled to a depth of 36 feet using a 7-in. O.D. hollow stem auger.  The 
profiling was stopped at the 36-ft depth because a layer of shale was encountered.  SPT blow 
counts were obtained at 2.5-ft depth intervals up to a 25 ft depth and at 5-ft depth intervals 
thereafter.  A Model CME-75 drill rig that is equipped with an automatic drive hammer was used 
to conduct the SPT tests.  A picture of the SPT equipment is given in Figure 4.  At each sampling 
depth, a standard split spoon sampler was used to obtain representative disturbed samples.  SPT 
testing and soil sampling were performed in accordance with ASTM D 1586.  Corrected SPT 

 203



blow count values, N1,60 were calculated as recommended by NCEER-97-0022 (1997) and the 
resulting SPT profiles are plotted in Figure 5.  Values of field and corrected blow counts for each 
borehole is given in Table 1.  The static ground water level was found to be at a depth of 21.5 ft. 

During the process of testing, representative water content samples were taken at each 
depth as soon as the split spoon sampler was received.  Samples were weighed immediately on 
the site and kept secure for oven drying in the laboratory.  Variation of the water content with 
depth at the time of the SPT tests (December 14, 2004) is shown in Figure 6. 

Disturbed Samples from SPT Boreholes 
Disturbed soil samples obtained using the split spoon sampler were used to classify the 

soil at the site.  Grain size analyses with wet sieving and Atterberg limit tests (in accordance with 
ASTM D 2217,  and ASTM D 4318, respectively) were performed on samples obtained from the 
top 14 ft of soil.  Grain size distribution curves obtained by wet sieving of soil samples using 
sieve sizes that are greater than ASTM No.200 sieve (0.075 mm) are shown in Figure 7.  The 
variation of the fines content (percentage by weight of particles passing ASTM No. 200 sieve) 
with depth is illustrated in Figure 8.  Results from Atterberg limit tests indicated that the fine 
grained material is composed of non-plastic silt. 

Results from grain size and Atterberg limit tests were used to classify the soil according 
to the Unified Soil Classification System (USCS) (ASTM D 2487).  Based on the available 
information, the top 14 ft of soil at the site is comprised of non-plastic silt (ML) with some silty 
sand (SM) layers at the top 1.5 ft and bottom 1.5 ft of the 14-feet deep profile.  USCS soil 
classification for the top 14 ft of soil material is given in Table 2. 

Undisturbed Samples from Shelby Tube Sampling 

Representative undisturbed samples were obtained from two sampling boreholes (S1 
which was 14.5 ft and S2 which was 9.5 ft deep) using 3-in. O.D. ASTM thin-walled Shelby 
tubes.  The undisturbed sampling was performed on the same day that SPT testing was 
performed.  The locations of the sampling boreholes are shown in Figure 3.  Shelby tube samples 
were obtained at 2.5-ft intervals and the sampling procedure was in accordance with ASTM 
D 1587. The Shelby tubes were sealed with wax in the field and transported to the laboratory.   

In the laboratory, the Shelby tubes were cut into ~6-in. sections with a four wheel cutter 
and weighed immediately after cutting to calculate approximate unit weight values.  To ensure 
minimum disturbance, each section of the tube was cut lengthwise on two opposite sides such 
that it was possible to split the steel tube into two pieces.  An intact soil sample was then 
carefully removed from the tube pieces without any need for extrusion. Upon removal from the 
tube, samples were carefully trimmed in preparation for testing.  Water content samples were 
taken from the trimmings of each specimen.  Due to the fragile nature of the soil, it was not 
possible to get intact test specimens at every attempt. However, it was possible to obtain two, 
2-in. diameter undisturbed test specimens for nonlinear dynamic testing (RCTS) and one, 1.5-in. 
diameter undisturbed triaxial test specimen.  These specimens were used to gather information 
about water content, unit weight, and dry unit weight.  Figures 6 and 8 include the water contents 
and fine contents, respectively, obtained from the undisturbed samples.  A specific gravity value 
of 2.68 was assumed in calculating the void ratio and degree of saturation of each soil specimen. 
Table 3 gives the summary of available information obtained from undisturbed samples.  A 
comprehensive summary of the index properties of the top 14 ft of soil as obtained from 
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disturbed and undisturbed samples is presented in Figure 9.  SPT blow count values corrected for 
fines content (based on recommendations by NCEER-97-0022, 1997) are also included in the 
figure.   

Triaxial Test 
One, 1.5-in. diameter triaxial test specimen was trimmed from an undisturbed soil sample 

obtained from Borehole S1 at an approximate depth of 10.6 ft.  The initial size and index 
properties of the soil specimen are given in Table 4.  In the triaxial cell, the specimen was 
allowed to come into equilibrium (compress/consolidate with drainage lines open) under an 
isotropic pressure equal to the assumed in-situ mean total stress (~5.6 psi).  Upon equilibrating, 
the specimen was sheared under undrained conditions with a strain rate of %1 per hour.  No pore 
pressure readings were taken since the specimen was unsaturated.  The resulting stress-strain 
curve is presented in Figure 10.  An estimate of the undrained shear strength in terms of total 
stresses was measured as 13.41 psi (~1931 psf) at about 9 % strain.  The specimen failed in a 
bulging mode.  The index properties of the specimen at failure are presented in Table 4. 

Dynamic Laboratory Tests  

Two, 2-in. diameter specimens were trimmed from undisturbed soil samples from 
approximate depths of 6.0 ft and 9.2 ft.  Each of the tests specimens was tested using the 
combined resonant column and torsional shear (RCTS) device to determine the variation of the 
shear modulus and material damping with the level of shearing strain.  The effects of various 
parameters on the shear modulus and material damping are conveniently evaluated in the 
laboratory with a RCTS device as discussed by Stokoe et al. (1994).   

RCTS test specimens were prepared with minimum disturbance as discussed previously.  
The sizes of the specimens and their initial index properties are summarized in Table 5.  Upon 
preparation, specimens were tested in a fixed-free RCTS device.  Five isotropic confining 
pressure levels were used in each test.  These pressure levels were 1.5, 3, 6, 12 and 24 psi.  At 
confining pressures of 1.5 psi, 3 psi and 12 psi, the specimens were excited only with low-
amplitude (γ <0.001%) dynamic loading.  At confining pressures of 6 psi and 24 psi, after the 
low-amplitude testing was completed, each specimen was subjected to high-amplitude testing to 
determine nonlinear behavior.  

The variation of the shear wave velocity, shear modulus, and material damping ratio at 
small strains (Vs, Gmax and Dmin, respectively) with confining pressure are presented in Figures 
11, 12 and 13, respectively, for the two specimens. The log Vs–log σo and log Gmax–log σo 
relationships for each specimen are composed of two linear segments, with intersection 
occurring at the maximum previous in-situ mean total stress.  For both undisturbed specimens, 
the values of the confining stress at the intersection are higher (~6.5 psi for Specimen No.1 and 
~8.8 psi for Specimen No.2) than the estimated in-situ mean stress, using a coefficient of earth 
pressure at-rest of 0.5 (~3.5 psi for Specimen No.1 and ~5.3 psi for Specimen No.2).  This 
indicates that both specimens are overconsolidated.  Figures 11 and 12, show that stiffness 
increases with decreasing void ratio.  This is observed from Specimen No.1 (e=0.48) having 
higher Vs (therefore Gmax) values than the Specimen No.2 (e= 0.69) at a given confining 
pressure.  Figure 13 shows that Specimen No.1 has also higher material damping than Specimen 
No.2.  This can be interpreted as material damping decreasing as void ratio increases (Hardin and 
Drenevich, 1972).   
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The effect of excitation frequency on Vs, Gmax and Dmin is also evaluated using the 
information obtained in combined RCTS testing.  Figures 14, 15 and 16 illustrate the variation of 
Vs, Gmax and Dmin, respectively, with excitation frequency.  The effect of excitation frequency is 
relatively small for both specimens.   

The effect of shearing strain amplitude on the shear modulus, G, and normalized shear 
modulus G/Gmax, are shown in Figures 17 and 18, respectively.  The maximum shearing strain 
level that was generated in the tests was 0.040% at confining pressure of 6 psi and 0.051% at 
confining pressure of 24 psi for Specimen No.1.  For Specimen No.2, these values were 0.038% 
and 0.196%, respectively.  The nonlinear behavior can be expressed by the reference strain, γr, 
which is simply the value of γ at  G/Gmax = 0.5 (Darendeli, 2001) and by the elastic threshold 
shearing strain, γt

e, which is the value of γ below which G is independent of strain amplitude and 
equal to Gmax.  The value of the reference shearing strain, at σo= 6 psi is about 0.04% and %0.05 
for Specimens No.1 and No.2, respectively.  At σo= 24 psi, γr values are about 0.07% and 0.09% 
for Specimens No.1 and No.2, respectively. The value of the elastic threshold shearing strain, at 
6 psi confining pressure level, is about 0.0007 % for Specimen No.1 and 0.0011% for Specimen 
No.2.  At 24 psi confining pressure level, elastic threshold shearing strain values are about 
0.0009% and 0.0014% for Specimen No.1 and No.2, respectively.  Figure 18, also shows the 
effect of confining pressure on G/Gmax–log γ curves, which is the same for both specimens.  As 
the confining pressure increases, the value of elastic threshold shearing strain increases and the 
G/Gmax–log γ relationship shifts to higher strains.  To compare, G/Gmax–log γ curves obtained 
from RC tests are plotted together with the modulus reduction curves proposed by Seed et al. 
(1986) and Darendeli (2001).  Figure 19 and 20 show the comparison at σo= 6 psi and at σo= 24 
psi, respectively.  Both figures show that RC test curves are close the upper bound curve for 
sands presented by Seed et. al. (1986) and plus one standard deviation of curves proposed by 
Darendeli (2001) for sands at 6 psi and 24 psi confining pressure levels. 

The effect of shearing strain amplitude on the material damping ratio, D, is shown in 
Figure 21.  The effect of confining pressure on D–log γ curves is the same for both specimens.  
As the confining pressure increases, D–log γ relationship shifts to higher strains while 
simultaneously shifting downward.  Figures 22 and 23, show comparisons of the D–log γ curves 
from RC tests with those proposed by Seed et al. (1986) and Darendeli (2001).  RC test curves 
are closer to the lower bound curve of Seed et. al. (1986) and minus one standard deviation of 
curves proposed by Darendeli (2001) at 6 psi and 24 psi confining pressure levels.  The fact that 
the RC modulus curves match with the upper boundary curves of Seed et al. (1986) and 
Darendeli (2001) (as well as RC damping curves being closer to the lower boundary curves) can 
be explained by the presence of high percentage of fines in the materials tested. 

To evaluate the effect of number of loading cycles, N, on G/Gmax and D, normalized 
modulus reduction curves and material damping ratio curves from combined RCTS test are 
plotted in Figures 24 through 27 and Figures 28 through 31, respectively.  Figures 24 through 27 
do not show any significant effect of N, on G/Gmax.  However, it is possible to observe the effect 
of N on D, as shown in Figures 28 through 31.  At large shearing strain values, D, decreases with 
increasing N at a constant γ.     

After the RCTS tests were completed, specimens were air dried and complete particle 
size analysis tests (combination of sieve analysis and hydrometer analysis) were conducted in 
accordance with ASTM D 422.  Resulting grain size distribution curves are shown in Figure 32. 
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SASW Testing 

Conventional SASW testing was performed at the Capitol Aggregates site during 
February 3, 2005 to evaluate the shear wave velocity profile.  Testing was conducted along two 
perpendicular arrays that were centered within the 50 ft by 50 ft test area.  The location of the 
corresponding arrays is shown in Figure 3.   

The basic configuration of the source and receivers used in field testing at each array 
location is illustrated in Figure 33.  One-dimensional Mark Products Model L-4 velocity 
transducers with a natural frequency of 1 Hz were used as receivers.  Two types of sources were 
used to generate energy over the required frequency ranges.  At shorter receiver spacings (2, 4 
and 8 ft), a sledge hammer was employed as a source.  At longer spacings (15, 30 and 60 ft), 
"Thumper" (the nees@UTexas mobile shaker) was used as the source of the surface wave 
energy.  In the case of Thumper, the source was used in the stepped-sine mode.  The data 
acquisition system was a VXI technology, 48-channel dynamic signal analyzer.  The VXI system 
was used to collect the time records and to perform calculations in the frequency domain so that 
the relative phase of the cross-power spectrum was reviewed at each receiver spacing.   

Two shear wave velocity profiles were obtained from the SASW testing.  The composite 
experimental dispersion curves that were constructed from the data collected in the field at each 
SASW array are presented in Figures 34 and 35 for Lines A and B, respectively.  The theoretical 
dispersion curves that were fitted to these experimental dispersion curves are also shown in the 
figures.  The two shear wave velocity profiles are presented in Figure 36. Tabulated values 
describing the shear wave velocity profiles are given in Tables 6 and 7.  The curves on Figure 36 
indicate that the two arrays produced the same shear wave velocity profile except for slight 
differences in the top 7.0 ft of soil.  The shear wave velocity of the top 1 ft is unusually low in 
both profiles due to the rainy weather conditions that existed at the day of testing.  Both profiles 
agree well and indicate that the site has an increasing stiffness with depth.  The significant 
increase (jump) in Vs at an average depth of about 38 ft is consistent with the shale layer 
encountered at about 36 ft during SPT profiling.   

To have a better understanding of the properties of the top 15 ft of soil, the scatter in the 
composite field dispersion curves was studied further.  Variability in the shear wave velocity due 
to scatter in the constructed field dispersion curves, was determined by fitting alternative 
theoretical dispersion curves to the data.  These theoretical curves were fitted to the upper and 
lower boundaries of the observed scatter in the composite field dispersion curves.  The resulting 
variability in shear wave velocity is shown in Figure 37, where the shear wave velocity profiles 
from two arrays were redrawn in an attempt to focus on the top 15 ft of soil material.  The shear 
wave velocity values that are determined from boundary theoretical dispersion curves are listed 
in Tables 8 and 9. The boundary theoretical curves are shown in Figures 38 and 39 for 
Line A and Line B, respectively.  

Summary 
Linear and nonlinear soil properties of the Capitol Aggregates test site are characterized 

by means of laboratory and field testing.  Two, Standard Penetration Test (SPT) boreholes (each 
36 ft deep) and two, 3-in. O.D. Shelby-tube sampling boreholes (14.5 ft and 9.5 ft deep) were 
drilled at the test site on December 14, 2005.  The SPT profiles of the site are given in Figure 5.  
Disturbed and undisturbed samples collected from the boreholes were tested in the laboratory at 
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The University of Texas at Austin.  Index property tests, conducted in accordance with ASTM 
standards, revealed that the top 14 ft of soil at the site is comprised of non-plastic silt (ML) with 
some silty sand (SM) layers in the top 1.5 ft and bottom 1.5 ft of the 14-feet deep profile.  All 
information about the fines content, water content, unit weight, degree of saturation and void 
ratio of the top 14 ft of the soil material as obtained from the disturbed and undisturbed samples 
is plotted in Figure 9.   

A consolidated undrained triaxial test was performed on an undisturbed specimen 
obtained from an approximate depth of 10.6 ft.  The resulting stress-strain curve is presented in 
Figure 10.  An estimate of the undrained shear strength in terms of total stresses was measured as 
13.41 psi (~1931 psf) at about 9 % strain.  The specimen failed in a bulging mode.   

Two combined resonant column and torsional shear (RCTS) tests were conducted on 
undisturbed specimens obtained from approximate depths of 6.0 ft and 9.2 ft .  These tests were 
used to evaluate linear and nonlinear dynamic properties of the soil at the site.  The variation of 
dynamic properties in the linear strain range (Vs, Gmax and Dmin) with confining pressure are 
presented in Figures 11 through 13.  Dynamic properties in the nonlinear strain range,  
represented by the variation of shear modulus, G, normalized shear modulus G/Gmax, and 
material damping ratio, D, with shearing strain amplitude, are shown in Figures 17, 18 and 21, 
respectively.  The value of the reference shearing strain, γr, at σo= 6 psi is about 0.04% and 
%0.05 for Specimens No.1 and No.2, respectively.  At σo= 24 psi, γr values are about 0.07% and 
0.09% for Specimens No.1 and No.2, respectively. The value of the elastic threshold shearing 
strain, γt

e, at 6 psi confining pressure level, is about 0.0007 % for Specimen No.1 and 0.0011% 
for Specimen No.2.  At 24 psi confining pressure level, γt

e values are about 0.0009% and 
0.0014% for Specimen No.1 and No.2, respectively.   

The G/Gmax – log γ curves obtained from RC tests match with the upper bound curve for 
sands proposed by Seed et al. (1986) and plus one standard deviation curve for sands presented 
by Darendeli (2001) (see Figures 19 and 20).  The D – log γ curves obtained from RC tests, are 
close to the lower bound curve of Seed et al. (1986) and minus one standard deviation curve of 
Darendeli (2001) (see Figures 22 and 23).  This can be explained by the presence of high 
percentage of fines in the materials tested.  

Additionally, conventional SASW testing was performed at the Capitol Aggregates site 
(on February 3, 2005) to evaluate the shear wave velocity profile.  Two SASW arrays were 
tested.  The resulting shear wave velocity profiles are shown in Figure 36.  The two shear wave 
velocity profiles agree well (except for slight differences in the top 7.0 ft of soil) and indicate 
that the site has an increasing stiffness with depth.  The significant increase (jump) in Vs at an 
average depth of about 38 ft observed at the SASW shear wave velocity profiles is consistent 
with the shale layer encountered at about 36 ft during SPT profiling.   
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Table 1.  Values of Field and Corrected Standard Penetration Blow Counts obtained at Capitol 
Aggregates Site on December 14, 2005  

Borehole 
No. 

Depth, 
ft 

Field N, 
bpf 

N60,  
bpf 

N1,60,  
bpf 

D1 1.0 13 15 29 
  3.5 8 9 18 
  6.0 8 9 16 
  8.5 14 16 24 
  11.0 12 15 20 
  13.5 19 24 29 
  16.0 19 27 30 
  18.5 6 9 9 
  21.0 2 3 3 
  23.5 22 31 28 
  26.0 11 16 13 
  31.0 13 19 15 
  36.0 100 shale shale 

D2 1.0 12 13 27 
  3.5 6 7 13 
  6.0 8 9 16 
  8.5 5 6 8 
  11.0 10 13 17 
  13.5 13 17 20 
  16.0 9 13 14 
  18.5 8 11 12 
  21.0 10 14 14 
  23.5 14 20 18 
  26.0 6 9 7 
  31.0 18 27 21 
  36.0 100 shale shale 
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Table 2.  USCS Soil Classification for Top 14 ft of Soil Material at Capitol Aggregates  

Borehole 
No. 

Depth Range, 
ft 

Fines Content, 
% 

Soil Classification, 
USCS 

0- 1.5 28 SM 
2.5-4.0 58 ML 
5.0- 6.5 65 ML 
7.5- 9.0 82 ML 

10.0- 11.5 83 ML 

D1 

12.5- 14.0 25 SM 
0- 1.5 14 SM 
2.5-4.0 51 ML 
5.0- 6.5 61 ML 
7.5- 9.0 84 ML 

10.0- 11.5 80 ML 

D2 

12.5- 14.0 23 SM 

Table 3.  Summary of Soil Index Properties Determined from Undisturbed Samples 

Depth, 
ft 

Water 
Content, 

% 

Total Unit 
Weight, 

 pcf 

Dry Unit 
Weight, 

pcf 

Void 
 Ratio* 

Degree of 
Saturation*, 

 % 
5.6 8 NA NA NA NA 
6.0 16 131.1 113.0 0.5 89 
6.5 NA 112.3 NA NA NA 
8.4 22 118.3 97.1 0.7 81 
8.8 25 110.7 88.6 0.9 75 
9.2 24 122.7 99.1 0.7 93 
10.6 18 107.3 90.9 0.8 57 
11.1 8 96.1 89.1 0.9 24 
11.6 10 99.7 90.7 0.8 31 

*Specific Gravity, Gs, is assumed to be 2.68. 
 

Table 4.  Index Properties of the Undisturbed Triaxial Test Specimen 

Soil Index Property  Initial After consolidation/ 
compression 

Failure 

Diameter, D, inch 1.50 1.48 1.56 
Height, H, inch 3.00 2.87 2.56 
Total Unit Weight, γt, pcf 107.3 111.1 112.8 
Water Content, w, % 18 18 18 
Dry Unit Weight, γd, pcf 90.9 94.3 95.7 
Void Ratio, e* 0.84 0.77 0.75 
Degree of Saturation, Sr*, % 57 62 64 

*Specific Gravity, Gs, is assumed to be 2.68. 
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Table 5.  Initial Properties of the Undisturbed RCTS Test Specimens 
Specimen No. 1 2 
Specimen Depth, ft 6.0 9.2 
Soil Classification, USCS ML ML 
Fines Content, % 67 83 
Diameter, D, inch 2.00 2.015 
Height, H, inch 4.00 3.70 
Total Unit Weight, γt, pcf 131.1 122.7 
Water Content, w, % 16 24 
Dry Unit Weight, γd, pcf 113.0 99.1 
Void Ratio, e* 0.48 0.69 
Degree of Saturation, Sr*, % 89 93 

*Specific Gravity, Gs, is assumed to be 2.68. 
 

Table 6.  Tabulated Values of Best-Fit Wave Velocity Profile (Figure 36) from SASW Testing at 
Capitol Aggregates Test Site; SASW- Line A  

Depth to 
Top of 

Layer, ft 

Layer 
Thickness,  

ft 

Compression Wave 
Velocity* , 

fps 

Shear Wave 
Velocity, 

 fps 

Assumed 
Poisson’s 

Ratio 

Assumed 
Total Unit 

Weight, pcf 
0 1 635 320 0.33 110 
1 1.5 834  420  0.33 110 

2.5 4.5 1072 540 0.33 110 
7 7 1310 660 0.33 110 

14 7.5 1390 700 0.33 110 
21.5 17 5000 750 0.49 125 
38.5 half-space 5000 2200 0.38 125 

*Based on the shear wave velocity and assumed value of Poisson’s ratio above the water table.  Below the water 
table, Vp was assumed equal to 5000 fps.  
 

Table 7.  Tabulated Values of Best-Fit Wave Velocity Profile (Figure 36) from SASW Testing at 
Capitol Aggregates Test Site; SASW- Line B 

Depth to 
Top of 

Layer, ft 

Layer 
Thickness,  

ft 

Compression Wave 
Velocity* , 

fps 

Shear Wave 
Velocity, 

 fps 

Assumed 
Poisson’s 

Ratio 

Assumed 
Total Unit 

Weight, pcf 
0 1 675 340 0.33 110 
1 1.5 953 480 0.33 110 

2.5 4.5 1013 510 0.33 110 
7 7 1310 660 0.33 110 

14 7.5 1390 700 0.33 110 
21.5 17 5000 750 0.49 125 
38.5 half-space 5000 2200 0.38 125 

*Based on the shear wave velocity and assumed value of Poisson’s ratio above the water table.  Below the water 
table, Vp was assumed equal to 5000 fps. 
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Table 8.  Tabulated Values of Boundary Wave Velocity Profiles (Figure 37) from SASW Testing 
at Capitol Aggregates Test Site; SASW- Line A 

Depth to 
Top of 

Layer, ft 

Layer 
Thickness, 

ft 

Upper and Lower 
Bound Compression 

Wave Velocity*, 
fps 

Upper and Lower 
Bound Shear 

Wave Velocity, 
 fps 

Assumed 
Poisson’s 

Ratio 

Assumed 
Total Unit 

Weight, pcf 

0 1 635 320 0.33 110 
1 1.5 834 420  0.33 110 

2.5 4.5 993, 1132 500, 570 0.33 110 
7 7 1271, 1350 640, 680 0.33 110 

14 7.5 1390 700 0.33 110 
21.5 17 5000 750 0.49 125 
38.5 half-space 5000 2200 0.38 125 

*Based on the shear wave velocity and assumed value of Poisson’s ratio above the water table.  Below the water 
table, Vp was assumed equal to 5000 fps.  
 

Table 9.  Tabulated Values of Boundary Wave Velocity Profiles (Figure 37) from SASW Testing 
at Capitol Aggregates Test Site; SASW- Line B 

Depth to 
Top of 

Layer, ft 

Layer 
Thickness, 

ft 

Upper and Lower 
Bound Compression 

Wave Velocity*, 
fps 

Upper and Lower 
Bound Shear 

Wave Velocity, 
 fps 

Assumed 
Poisson’s 

Ratio 

Assumed 
Total Unit 

Weight, pcf 

0 1 675 340 0.33 110 
1 1.5 933, 973 470, 490 0.33 110 

2.5 4.5 953, 1112 480, 560 0.33 110 
7 7 1310 660 0.33 110 

14 7.5 1390 700 0.33 110 
21.5 17 5000 750 0.49 125 
38.5 half-space 5000 2200 0.38 125 

*Based on the shear wave velocity and assumed value of Poisson’s ratio above the water table.  Below the water 
table, Vp was assumed equal to 5000 fps 
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Figure 1.  Location of the Capitol Aggregates Test Site in Austin, Texas 

 



 

 

 

Figure 2.  Capitol Aggregates Test Site 
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All dimensions in feet .Drawn to scale.

Shaft  A: 6 ft  long
Shafts B,C and D: 12 ft  long
Bent  1 : 6  ft  clear height  above ground,
           12 ft  long below ground
Bent  2 : 3  ft  clear height  above ground,
           12 ft  long below ground
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Figure 3.  Plan View of Capitol Aggregates Test Site 
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Figure 4.  Drill Rig used in Standard Penetration Tests at Capitol Aggregates Site, December 14, 2004 
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Figure 5.  Variation of Corrected SPT Blow Count Values with Depth Obtained from SPT 

Testing at Capitol Aggregates Test Site on December 14, 2004 
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Figure 6.  Variation of Water Content of Soil with Depth Obtained from SPT Samples at Capitol 

Aggregates Test Site on December 14, 2004 

  

 219



0

10

20

30

40

50

60

70

80

90

100

0.010.1110
Grain Size (mm)

Pe
rc

en
t F

in
er

 b
y 

W
ei

gh
t, 

%

SPT Borehole D1 (0-1.5 ft)
SPT Borehole D1 (2.5-4.0 ft)
SPT Borehole D1 (5.0-6.5 ft)
SPT Borehole D1 (7.5-9.0 ft)
SPT Borehole D1 (10.0-11.5 ft)
SPT Borehole D1 (12.5-14.0 ft)
SPT Borehole D2 (0-1.5 ft)
SPT Borehole D2 (2.5-4.0 ft)
SPT Borehole D2 (5.0-6.5 ft)
SPT Borehole D2 (7.5-9.0 ft)
SPT Borehole D2 (10.0-11.5 ft)
SPT Borehole D2 (12.5-14.0 ft)

 
Figure 7.  Grain Size Distribution Curves (for Particle Size Larger than 0.075 mm) Determined 

from Disturbed Samples Representing Top 14 ft of Soil Material at Capitol 
Aggregates Test Site  
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Figure 8.  Variation of Fines Content with Depth for Top 14 ft of Soil Material at Capitol 

Aggregates Test Site 
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Figure 9.  Index Properties of the Top 14 ft of Soil as Obtained from the Disturbed and 
Undisturbed Samples 
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Figure 10.  Total Stress-Strain Curve Determined from Undrained Shearing of Triaxial Specimen 
Trimmed from an Undisturbed Sample from a Depth of 10.6 ft  
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Figure 11.  Variation in Low-Amplitude Shear Wave Velocity with Isotropic Confining Pressure 
from Resonant Column Tests 
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Figure 12.  Variation in Low-Amplitude Shear Modulus with Isotropic Confining Pressure from 
Resonant Column Tests 
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Figure 13.  Variation in Low-Amplitude Material Damping Ratio with Isotropic Confining 
Pressure from Resonant Column Tests 
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Figure 14.  Variation in Low-Amplitude Shear Wave Velocity with Loading Frequency from 
Combined RCTS Tests 
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Figure 15.  Variation in Low-Amplitude Shear Modulus with Loading Frequency from 
Combined RCTS Tests 
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Figure 16.  Variation in Low-Amplitude Material Damping Ratio with Loading Frequency from 
Combined RCTS Tests 
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Figure 17.  Comparison of the Variation in Shear Modulus with Shearing Strain at Two Isotropic 
Confining Pressures from the Resonant Column Tests 
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Figure 18.  Comparison of the Variation in Normalized Shear Modulus with Shearing Strain at 
Two Isotropic Confining Pressures from the Resonant Column Tests  
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Figure 19.  Comparison of the Variation in Normalized Shear Modulus with Shearing Strain at 
Isotropic Confining Pressure of 6 psi (0.86 ksf = 41.37 kPa) from the Resonant 
Column Tests with Modulus Reduction Curves proposed by Seed et al. (1986) and 
Darendeli (2001)  

 232



1.2

1.0

0.8

0.6

0.4

0.2

0.0

N
or

m
al

iz
ed

 S
he

ar
 M

od
ul

us
, G

/G
m

ax

10-5 10-4 10-3 10-2 10-1 100

Shearing Strain, γ , %

Specimen No.1
         (Depth = 6.0 ft, USCS = ML, w = 16.0%,
           γ total = 131.1 pcf),  (f = 59.8 ~ 78.8 Hz)

Specimen No.2
         (Depth = 9.2 ft, USCS = ML, w = 24.0%,
          γtotal = 122.7 pcf),  (f = 43.6 ~ 72.8 Hz)
 

  Seed et al. (1986) Lower Bound, Mean and
           Upper Bound Curves for Sands

  Darendeli et al. (2001), PI = 0,  σo = 24.0 psi,
           Mean and ±1 Std. Dev. Curves
 
 

Isotropic Confining Pressure = 24.0  psi (3.46 ksf = 165.48 kPa)

 

Figure 20.  Comparison of the Variation in Normalized Shear Modulus with Shearing Strain at 
Isotropic Confining Pressure of 24 psi (3.46 ksf = 165.48 kPa) from the Resonant 
Column Tests with Modulus Reduction Curves proposed by Seed et al. (1986) and 
Darendeli (2001)  
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Figure 21.  Comparison of the Variation in Material Damping Ratio with Shearing Strain and 
Isotropic Confining Pressures from the Resonant Column Tests 
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Figure 22.  Comparison of the Variation in Material Damping Ratio with Shearing Strain at 
Isotropic Confining Pressure of 6 psi (0.86 ksf = 41.37 kPa) from the Resonant 
Column Tests with Material Damping Curves proposed by Seed et al. (1986) and 
Darendeli (2001)  
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Figure 23.  Comparison of the Variation in Material Damping Ratio with Shearing Strain at 
Isotropic Confining Pressure of 24 psi (3.46 ksf = 165.48 kPa) from the Resonant 
Column Tests with Material Damping Curves proposed by Seed et al. (1986) and 
Darendeli (2001)  
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Figure 24.  Comparison of the Variation in Normalized Shear Modulus with Shearing Strain at 
Isotropic Confining Pressure of 6 psi (0.86 ksf = 41.37 kPa) from Combined RCTS 
Tests of Specimen No. 1 
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Figure 25.  Comparison of the Variation in Normalized Shear Modulus with Shearing Strain at 
Isotropic Confining Pressure of 24 psi (3.46 ksf = 165.48 kPa) from Combined RCTS 
Tests of Specimen No. 1 
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Figure 26.  Comparison of the Variation in Normalized Shear Modulus with Shearing Strain at 
Isotropic Confining Pressure of 6 psi (0.86 ksf = 41.37 kPa) from Combined RCTS 
Tests of Specimen No. 2 
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Figure 27.  Comparison of the Variation in Normalized Shear Modulus with Shearing Strain at 
Isotropic Confining Pressure of 24 psi (3.46 ksf = 165.48 kPa) from Combined RCTS 
Tests of Specimen No. 2 
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Figure 28.  Comparison of the Variation in Material Damping Ratio with Shearing Strain at 
Isotropic Confining Pressure of 6 psi (0.86 ksf = 41.37 kPa) from Combined RCTS 
Tests of Specimen No. 1 
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Figure 29.  Comparison of the Variation in Material Damping Ratio with Shearing Strain at 
Isotropic Confining Pressure of 24 psi (3.46 ksf = 165.48 kPa) from Combined RCTS 
Tests of Specimen No. 1 
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Figure 30.  Comparison of the Variation in Material Damping Ratio with Shearing Strain at 
Isotropic Confining Pressure of 6 psi (0.86 ksf = 41.37 kPa) from Combined RCTS 
Tests of Specimen No. 2 
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Figure 31.  Comparison of the Variation in Material Damping Ratio with Shearing Strain at 
Isotropic Confining Pressure of 24 psi (3.46 ksf = 165.48 kPa) from Combined RCTS 
Tests of Specimen No. 2 
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Figure 32.  Grain Size Distribution Curves of Specimens Tested in the RCTS device. 
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Figure 33.  Schematic Diagram of the Generalized Equipment Arrangement used in Spectral-
Analysis-of-Surface-Waves (SASW) Testing 
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Figure 34.  Theoretical Dispersion Curve Fit to the Composite Experimental Dispersion Curve at 
SASW-Line A 

Figure 35.  Theoretical Dispersion Curve Fit to the Composite Experimental Dispersion Curve at 
SASW-Line B 

 246



0

5

10

15

20

25

30

35

40

45

50

0 500 1000 1500 2000 2500

Shear Wave Velocity (fps)

D
ep

th
 (f

t)
Best-Fit Profile for Line A
Best-Fit Profile for Line B

 
Figure 36.  Shear Wave Velocity Profiles determined from SASW Testing at Capitol Aggregates 

Test Site on February 3, 2005 
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Figure 37.  Shear Wave Velocity Profile of the Top 15 ft of Soil Material at Capitol Aggregates 

Test Site Determined from SASW Testing on February 3, 2005 (Variability of the 
Shear Wave Velocity due to the Scatter in the Composite Field Dispersion Curve is 
Taken into Account) 
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Figure 38. Two Bounding Theoretical Dispersion Curves Fit to the Composite Experimental 
Dispersion Curve at SASW-Line A 

 

Figure 39. Two Bounding Theoretical Dispersion Curves Fit to the Composite Experimental 
Dispersion Curve at SASW-Line B 
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